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Delayed neuronal death after transient cerebral ischemia may 
be mediated, in part, by the induction of apoptosis-regulatory 
gene products. Caspase-3 is a newly characterized mammalian 
cysteine protease that promotes cell death during brain devel- 
opment, in neuronal cultures, and in other cell types under 
many different conditions. To determine whether caspase-3 
serves to regulate neuronal death after cerebral ischemia, we 
have (1) cloned a cDNA encoding the rat brain caspase-3; (2) 
examined caspase-3 mRNA and protein expression in the brain 
using in situ hybridization, Northern and Western blot analyses, 
and double-labeled immunohistochemistry; (3) determined 
caspase-3-like activity in brain cell extracts; and (4) studied the 
effect of caspase-3 inhibition on cell survival and DNA fragmen- 
tation in the hippocampus in a rat model of transient global 
ischemia. At 8-72 hr after ischemia, caspase-3 mRNA and 
protein were induced in the hippocampus and caudate- 



Transient global ischemia results in delayed neuronal death in 
selectively vulnerable brain regions such as the hippocampal CA1 
sector and caudate-putamen (Pulsinelli et al., 1982). A number of 
recent studies suggest that cell death in this setting involves 
apoptosis-an active and genetically controlled cell suicide pro- 
cess. Histological and biochemical characteristics of apoptosis are 
present in dying neurons after ischemia (MacManus et al., 1993; 
Kihara et al., 1994; Nitatori et al., 1995), and inhibition of new 
protein synthesis protects CA1 neurons after ischemia (Goto et 
al., 1990; Papas et al., 1992). Several apoptosis-regulatory genes 
are found to be induced in ischemic cells. Bax, a bcl-2 homolog 
that effects apoptosis, is upregulated in neurons destined to die 
after global ischemia (Krajewski et al., 1995; Chen et al., 1996), 
whereas the apoptosis-suppressor gene bcl-2 is expressed in neu- 
rons that survive ischemia (Shimazaki et al., 1994; Chen et al., 
1997a). Furthermore, bcl-2 overexpression in rodent brain re- 
duces ischemic injury (Martinou et al., 1994; Linnik et al., 1995; 
Lawrence et al., 1996). Taken together, these observations sug- 
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putamen (CPu), accompanied by increased caspase-3-like pro- 
tease activity. In the hippocampus, caspase-3 mRNA and pro- 
tein were predominantly increased in degenerating CA1 
pyramidal neurons. Proteolytic activation of the caspase-3 pre- 
cursor was detected in hippocampus and CPu but not in cortex 
at 4-72 hr after ischemia. Double-label experiments detected 
DNA fragmentation in the majority of CA1 neurons and selective 
CPu neurons that overexpressed caspase-3. Furthermore, ven- 
tricular infusion of Z-DEVD-FMK, a caspase-3 inhibitor, de- 
creased caspase-3 activity in the hippocampus and signifi- 
cantly reduced cell death and DNA fragmentation in the CA1 
sector up to 7 d after ischemia. These data strongly suggest 
that caspase-3 activity contributes to delayed neuronal death 
after transient ischemia. 

Key words: cerebral ischemia; caspase-3; apoptosis; cys- 
teine protease; neuronal death; neuron 



gest that endogenously induced apoptosis-regulatory genes may 
play a role in determining the fate of ischemic neurons. 

The interleukin-lj3-converting enzyme (ICE) family of cys- 
teine proteases, now referred to as caspases, is another group of 
apoptosis-regulatory genes that may play a role in ischemic brain 
injury (Bredesen, 1995). The ICE family, consisting of at least 11 
members (caspases- 1-11), represents mammalian homologs of 
ced-3, an essential cell death gene in Caenorhabditis elegans 
(Yuan et al., 1993; Fernandes-Alnemri et al., 1994; Xue et al., 
1996). When overexpressed, the caspases trigger apoptosis in 
cultured cells (Miura et al., 1993). Among the identified caspases, 
caspase-3 (also termed cpp32, Yama, or Apopain) exhibits the 
highest sequence homology to ced-3 (Tewari et al., 1995). 
Caspase-3 is a potent effector of apoptosis triggered via several 
different pathways in a variety of mammalian cell types (for 
review, see Alnemri et al., 1996). Caspase-3 promotes neuronal 
death during brain development (Kuida et al., 1996). In neuronal 
cultures, induction ol caspase-3-like protease promotes apoptosis 
induced by withdrawal of trophic support, K + deprivation, or 
glutamate excitotoxicity (Deshmukh et al., 1996; Schulz et al., 
1996; Du et al., 1997; Keane et al., 1997; Ni et al., 1997). More- 
over, inhibition of ICE- or caspase-3-like protease provides pro- 
tection in rodent brains subjected to focal ischemia or direct 
excitotoxic insults (Hara et al., 1997) or to traumatic brain injury 
(Yakovlev et al., 1997). Thus, caspase-3 and related caspases 
could be important neuronal death effectors in the brain under 
certain pathological conditions. 

We, therefore, characterized the regional and temporal profiles 
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of caspase-3 gene expression in the rat brain at both mRNA and 
protein levels after transient global ischemia. Then we deter- 
mined whether caspase-3-like protease activity is altered in the 
brain after ischemia and how the altered enzymatic activity 
correlates with regional vulnerability to ischemia. Lastly, by in- 
hibiting caspase-3-like activity in the hippocampus in vivo, we 
investigated the role of induction of this important cell death 
gene in determining the fate of ischemic neurons. 

MATERIALS AND METHODS 

Animal model of transient global ischemia 

Experiments were performed on a total of 238 male Sprague Dawley rats 
weighing 300-350 gm (Hilltop Sprague Dawley, Scottdale, PA). Tran- 
sient global ischemia (15 min) was induced in isoflurane-anesthetized 
rats using a previously described method (Pulsinelli et al., 1982), with 
modifications (Chen et al., 1996). Blood pressure, blood gases, and blood 
glucose concentration were monitored and maintained in the normal 
range throughout the experiments. Rectal temperature was continuously 
monitored and kept at 37-37.5°C using a heating pad and a temperature- 
regulated heating lamp. Brain temperature was monitored by a 29 ga 
thermocouple implanted in the left striatum and kept at 36.4 ± 0.2°C 
during ischemia and at 37-37.5°C thereafter. An electroencephalogram 
(EEG) was monitored in all animals to ensure isoelectricity within 10 sec 
after carotid artery occlusion. A sham operation was performed in 
additional animals using the same anesthesia and surgical exposure 
procedures except that the arteries were not occluded; these brains were 
used as nonischemic controls. 

cDNA cloning 

Construction of a cDNA library. Hippocampi were dissected from rat 
brains subjected to 15 min of ischemia followed by 8, 24, or 72 hr of 
reperf usion (three brains per time point). Polyadenylated mRNAs were 
isolated from the hippocampi using a fast track mRNA isolation kit 
(Invitrogen, San Diego, CA) and were used as templates for cDNA 
synthesis. An ischemic brain cDNA library was constructed using a 
Superscript plasmid system for cDNA synthesis and a plasmid cloning kit 
according to the manufacturer's instructions (Gibco BRL, Gaithersburg, 
MD). In brief, first-strand cDNA was synthesized using the oligo-dT 12 - 
Not\ primer adapter and Superscript II reverse transcriptase (RT); 
second-strand synthesis was catalyzed by Escherichia coli DNA polymer- 
ase I in combination with E. coli RNase H and E. coli DNA ligase. 
Double-stranded DNA was restricted with Notl and Sail, selected on a 
cDNA size fraction column to include molecules of >500 bp, ligated into 
plasmid pSPORT 1, and transformed into E. coli DH5a. The constructed 
cDNA library was examined by the color-selection method using 
isopropyl-l-thio-/3-D-galactoside-X-gal and titer measurement after am- 
plification. The titer of the amplified library was 10 11 pfu/ml. 

Isolation ofacDNA encoding caspase-3. In preliminary studies, a 345 bp 
cDNA fragment encoding the rat caspase-3 was generated by RT-PCR 
using primers designed according to the conserved sequences in human 
and mouse caspase-3 (Fernandes-Alnemri et al., 1994; Tewari et al., 
1995). This cDNA fragment was labeled with [ 32 P]dATP using random 
primers and Superscript II RT (Gibco BRL) and then was purified using 
a NucTrap probe purification column (Stratagene, La Jolla, CA). To 
obtain a cDNA containing the open reading frame encoding the 
caspase-3 protein, we used the labeled cDNA probe to screen the isch- 
emic cDNA library. Colonies of the cDNA library were plated onto 137 
mm filters, denatured, and neutralized. The filters were hybridized in 
50% formamide-containing 5x saline-sodium phosphate-EDTA buffer, 
1% SDS, 2X Denhardt's solution, and 5% dextran sulfate with the 
32 P-labeled caspase-3 cDNA probe (5 x 10 6 cpm/ml) at 42°C for 18 hr. 
The resulting positive clones were sequenced on both strands using the 
dideoxy chain termination technique (Sequenase II; United States Bio- 
chemicals, Cleveland, OH). Sequence analysis was performed using 
MacVector software (International Biotechnologies, New Haven, CT) 
and aligned using the BLAST program (www.ncbi.nlm.nih.gov). 

In vitro transcription and translation. To confirm that the cDNA con- 
tains the full open reading frame, we performed in vitro transcription and 
translation to detect its protein product. Transcription was performed 
using an RNA transcription kit according to the manufacturer's instruc- 
tions (Stratagene). In brief, 1 u,% of linearized plasmid DNA was incu- 
bated at 37°C for 1 hr in a mixture containing 40 mM Tris-HCl, pH 8.0, 
8 mM MgCl 2 , 2 mM spermidine, 50 mM NaCl, 40 mM DTT, 2 mM dNTP, 
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and 10 U of T7 RNA polymerase. After DNA digestion using 200 U of 
RNase -free DNase (Promega, Madison, WI), RNA was extracted from 
the reaction mixture with phenol and chloroform followed by precipita- 
tion with 0.5 volume of ammonium acetate and 2.5 volumes of ethanol. In 
vitro translation was then performed at 30°C for 1 hr in a reaction system 
containing 100 ng of extracted RNA, 2 uA of translation reaction mixture 
(Boehringer Mannheim, Indianapolis, IN), 10 /il of rabbit reticulocyte 
lysate, 100 mM potassium acetate, and 1 mM magnesium acetate in the 
presence of [ 3S S]methionine (>800 Ci/mmol; NEN, Boston, MA). 
Translated protein was electrophoresed in a 12% SDS-polyacrylamide 
gel and detected by autoradiography. 

Northern blot analysis 

Total RNA was isolated from the hippocampi of brains subjected to 15 
min of ischemia followed by 8 and 24 hr of reperf usion (n = 3 per time 
point) or brains 24 hr after sham operation (n = 3) as described 
previously (Chen et al., 1996). RNA was electrophoresed on a 1.0% 
agarose -formaldehyde gel, blotted onto Hybond-N membrane (Amer- 
sham, Arlington Heights, IL), and prehybridized for 2 hr at 42°C. The 
membranes were subsequently hybridized with the rat caspase-3 cDNA 
probe for 24 hr at 42°C. The -"P-labeled cDNA probe was prepared using 
the random primer method. cDNA inserts were released from the plas- 
mid with restriction enzyme digestion and purified using the Gene Clean 
kit (BIO 101, La Jolla, CA). Approximately 25 ng of cDNA inserts was 
dissolved in 20 uA of distilled water in a microcentrifuge tube, heated for 
5 min in a boiling water bath, and then immediately cooled on ice. Two 
microliters of a reaction mixture containing 0.5 mM each of dATP, dTTP, 
and dGTP; 10 /xl of random primer buffer (Gibco BRL); 50 /iCi of 
[a- 32 P]dCTP; and 3 U of the large fragment of DNA polymerase I were 
added to the cDNA preparation and incubated at room temperature for 
1 hr. The labeled probe was purified using the NucTrap probe purifica- 
tion column (Stratagene). Labeling efficiency of the probe was deter- 
mined by measuring percentage incorporation of the radioisotope. After 
the hybridization and washing procedures, autoradiography was per- 
formed at -80°C overnight with an intensifying screen. Autoradiograph 
signals were quantified by a gel densitometric scanning program using the 
Microcomputer Imaging Device (MCID) image analysis system. To 
control for variation in ihe amount of total RNA in different samples, we 
stripped off the original probe in a solution containing 0.1 X SSC and 
0.5% SDS at 100°C for 15 min. The blot was rehybridized with an 
oligodeoxynucleotide probe (5 ' - ACGGTATC TG ATCGTC TTCG A- 
ACC-3') corresponding to 18S RNA. All densitometric values for 
caspase-3 were normalized to values for 18S RNA obtained on the same 
lane. 

In situ hybridization 

The 35 S-labeled single-stranded RNA probe was prepared from plasmids 
containing the rat caspase-3 cDNA inserts. For the preparation of the 
antisense probe, the plasmid was linearized by Xho\ digestion. A product 
complementary to the rat caspase-3 mRNA was transcribed by the T3 
RNA polymerase in the presence of 125 nCi of 35 S-UTP (NEN) using an 
in vitro transcription kit according to the manufacturer's instructions 
(Stratagene). For the sense probe, the plasmid was linearized by Pstl and 
subsequently transcribed using the T7 RNA polymerase (Stratagene). 
The transcription reaction was performed for 45 min at room tempera- 
ture, and the cDNA template was then digested for 10 min at 37°C using 
DNase I (10 U) in the presence of tRNA (20 /xg). The RNA probe was 
extracted from the reaction mixture using phenol and chloroform fol- 
lowed by precipitation with 0.5 volume of ammonium acetate and 2.5 
volumes of ethanol. After centrifugation, the pellet was rinsed with cold 
graded ethanol, air dried, and resuspended in 50 /xl of 10 mM DTT. 
Labeling efficiency of the probe was determined by measuring percent- 
age incorporation of the radioisotope. Frozen sections from ischemic, 
sham-operated, or naive control brains were prepared as described 
previously (Chen et al., 1996). Coronal sections at the levels of the dorsal 
hippocampus (anteroposterior, -3.5 to -4.0 mm from the bregma) were 
selected and processed for in situ hybridization. Neuronal degeneration 
at these levels after 15 min of global ischemia has been characterized and 
described elsewhere (Chen et al., 1996, 1997a, 1998). The sections were 
treated under RNase-free conditions with 4% paraformaldehyde in PBS 
for 20 min, rinsed twice for 5 min in PBS, and then acetylated twice for 
5 min with acetic anhydride in 0.1 M triethanolamine-HCl, pH 7.5. After 
washing in PBS for 5 min and saline for 5 min, the sections were 
dehydrated in graded ethanol and air-dried. The sections were hybrid- 
ized with the labeled RNA probe (1 X 10 7 cpm/ml) in a hybridization 
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cocktail for 18 hr at 55°C. The slices were then washed twice for 10 min 
in 2X SSC (300 mM sodium chloride and 30 mM sodium citrate, pH 7.4), 
once for 2 hr in 0.1 x SSC at 50°C, and then twice for 10 min in 0.5X SSC 
at room temperature. They were then dehydrated, air dried, and auto- 
radiographed onto Kodak SB-5 film for 3 weeks. Control and ischemic 
brain slides were processed together and developed on the same film. 
Relative changes in regional mRNA expression were semiquantitated 
using the MCID system (St. Catharine's, Ontario, Canada) as described 
previously (Chen et al., 1998). Cellular localization of the labeled mRNA 
was evaluated by coating slides with Kodak NTB-2 emulsion. Sections 
were exposed at 4°C for 5 weeks, developed in Kodak D-19, and coun- 
terstained with cresyl violet. 

Western blot analysis 

Animals were killed at 4, 8, 24, or 72 hr after 15 min of ischemia or 24 
hr after sham operation (n = 4 per experimental condition). The hip- 
pocampus, striatum, and cortex were separately dissected, homogenized, 
and lysed. The lysates were cleared by centrif ugation at 14,000 X g for 30 
min at 4°C. The protein was denatured in SDS gel-loading buffer (100 
mM Tris-HCl, 200 mM dithiothreitol, 4% SDS, 0.2% bromophenol blue, 
and 20% glycerol) at 100°C for 6 min and then separated on 12% 
SDS-polyacrylamide gels (40 /xg per sample). Immunoblotting was per- 
formed as described previously (Chen et al., 1996), using a chemilumi- 
nescent detection system (Clontech, Palo Alto, CA). The antibody used 
to detect the caspase-3 protein was a custom-made rabbit polyclonal 
antibody (Biosynthesis, Dallas, TX) raised against the deduced 
C-terminal sequence (N H 2 -Q ACRGTELDCGI ETD-C OOH) of the rat 
caspase-3 larger active form pi 7. The working dilution for caspase-3 
antibody in the present study was 1:2000. The synthesized peptide for 
immunization was also used in preabsorption experiments to confirm the 
specificity of the detected immunoreactivity. This was done by incubating 
the peptide (5 fig/m\) with the primary antibody for 30 min at 37°C 
before the immunoblotting was performed. For immunoblotting to detect 
poly(ADP-ribose) polymerase (PARP), a monoclonal antibody against 
the C-terminal part of the DNA binding domain of PARP was used at a 
working dilution of 1:5000, as suggested by the manufacturer (Biomol, 
Plymouth Meeting, PA). A purified bovine PARP protein was used in 
preabsorption experiments to confirm the specificity of PARP immuno- 
reactivity. Immunoreactivity for caspase-3 or PARP on each individual 
lane of the blots was quantified by a gel densitometric scanning program 
using the MCID image analysis system. 

Immunohistochemistry 

Animals were anesthetized with 8% chloral hydrate at 4, 8, 24, or 72 hr 
after 15 min of ischemia or 24 hr after sham operation (n = 4 per time 
point). They were then perfused with 200 ml of heparinized 0.9% saline 
followed by 500 ml of 4% paraformaldehyde in 0.1 M PBS, pH 7.4. The 
brains were removed, immersed in 4% paraformaldehyde for 5 d, and 
processed for paraffin embedding and cutting (6 /u,m thick) on a rotary 
microtome. Coronal sections at the levels of dorsal hippocampus and 
midcaudate (anteroposterior, +0.2 mm from the bregma) were selected 
and processed for immunohistochemical staining. The sections were 
deparaffinized in xylene, rehydrated through graded ethanol, and pre- 
treated with protease K (10 /xg/ml for 10 min). After three 10 min washes 
in PBS, the sections were microwaved in sodium citrate buffer, pH 6.0, for 
5 min before immunostaining. Immunohistochemical staining for 
caspase-3 was performed using the same antibody used for Western blot 
analysis. Briefly, after the preblocking step using the rabbit preimmuniz- 
ing serum, sections were incubated overnight at room temperature in the 
primary antibody diluted 1:1000 in PBS, pH 7.4, containing 2% goat 
serum, 0.2% Triton X-100, bovine serum albumin (5 mg/ml), and 0.2% 
glycine. Sections were washed in PBS three times for 10 min each and 
then incubated for 1 hr at room temperature at a 1:2500 dilution with 
goat anti-rabbit Cy3.18 immunoconjugate (Jackson ImmunoResearch, 
West Grove, PA). Sections were then washed in PBS four times for 15 
min each on a orbital shaker (model 361; Fisher Scientific, Houston, TX), 
mounted in gelvatol, and coverslipped. A Zeiss light microscope 
equipped for epifluorescent illumination was used for observation. For 
the assessment of nonspecific immunostaining, alternating sections from 
each experimental condition were incubated without the primary anti- 
body or, in some cases, with antibody that was preabsorbed with the 
synthetic caspase-3 peptide (8 ^tg/ml) for 30 min at room temperature 
before immunohistochemistry. Immunoreactivity was compared in sec- 
tions from animals killed 24 hr after ischemia, with or without preab- 
sorption of the primary antibody. 



Detection of DNA fragmentation 

In situ detection of DNA fragmentation in brain cells after ischemia or 
after sham operation was performed using terminal deoxynucleotidyl 
transferase-mediated biotin-dUTP nick-end labeling (TUN EL) as de- 
scribed previously by Gavrieli et al. (1992), with modifications (Chen et 
al., 1997b). For double-label experiments, paraffin-imbedded sections, at 
the levels of dorsal hippocampus and midcaudate, obtained 24 and 72 hr 
after ischemia and 24 hr after sham operation (n = 4 per experimental 
condition) were used. The sections were pretreated as described above 
and then incubated at 37°C for 90 min in IX terminal deoxynucleotidyl 
transferase (TdT) buffer containing 100 U/ml TdT and 20 nmol/ml 
biotin-conjugated 16-dUTP (Boehringer Mannheim). After three washes 
in PBS (10 min/wash), the sections were incubated at room temperature 
for 15 min in fluoresce! n-av id in D cell sorting (DCS) (cell sorting grade; 
Vector Laboratories, Burlingame, CA) diluted in PBS at 8 fig/ml. Sec- 
tions were then processed for caspase-3 immunohistochemistry as de- 
scribed above, and all steps were performed in the dark. Sections were 
examined by fluorescence microscopy using excitation /emission wave- 
lengths of 550/565 nm (red) and 495/515 nm (green -yellow) for caspase-3 
and TUN EL, respectively. 

Activities of caspase-3- and ICE- like proteases 

Measurement of caspase-3- and ICE-like protease activity in brain cell 
extracts was performed as originally described (Enari et al., 1996) with 
the slight modifications suggested by Clontech. The animals were anes- 
thetized using 8% chloral hydrate and decapitated. Brains were quickly 
removed. Tissues were dissected separately from the hippocampus, stri- 
atum, cortex, or cerebellum of brains at 1, 4, 8, 24, and 72 hr after 
ischemia, at 24 hr after sham operation, or from naive animals (n = 4-5 
per experimental condition). Protein extracts were prepared on ice by 
Dounce homogenization of tissues in a lysis buffer containing 25 mM 
HEPES, 5 mM EDTA, 1 mM EGTA, 5 mM MgCl 2 , 5 mM DTT, and 10 
^Lg/ml each of pepstatin, leupeptin, aprotinin, and PMSF (Sigma, St. 
Louis, MO). Cell lysate was centrif uged at 15,000 rpm for 10 min, and 
the supernatant was used for the enzymatic assay. One hundred micro- 
grams of the extracted proteins were incubated for 1 hr at 37°C with the 
reaction buffer (25 mM HEPES, pH 7.5, 10% sucrose, 0.1% 3-[(3- 
cholamidopropyl)dimethylammonio]-l-propane sulfonate, 5 mM DTT, 
and 5 mM EDTA) in a total volume of 150 i±\ containing 25 fiM colori- 
metric peptide substrate (Biomol). The following two substrates were 
used for the assays: acetyl-Asp-Glu-Val-Asp-/?-nitroanilide (Ac-DEVD- 
pNA) for caspase-3-like protease activity and acetyl-Tyr-Val-Ala-Asp- 
p-nitroanilide (Ac-YVAD-/?NA) for ICE-like protease activity. Enzyme- 
catalyzed release of p-nitroanilide was measured at 405 nm in a 
microtiter plate reader (Molecular Devices, Palo Alto, CA). One unit of 
protease activity corresponds to the caspase-like activity that cleaves 1 
pmol of pNA per minute at 37°C at saturating substrate concentrations. 
In certain experiments, the extracted protein sample was diluted in the 
reaction buffer and first incubated with inhibitors for caspase-3 (DEVD- 
CHO) and ICE (YVAD-CHO) at room temperature for 30 min (Lazeb- 
nik et ah, 1994; Nicholson et al., 1995). 

In vivo inhibition of caspase-3-like protease 

N-Benzyloxycarbonyl-Asp(OMe)-Glu(OMe)-Val-Asp-(OMe)-fluoro-me- 
thylketone (Z-DEVD-FMK) (Enzyme Systems Products, Livermore, 
CA), a peptide methylketone caspase-3 inhibitor (Nicholson et al., 1995; 
Rodriguez et al., 1996), was dissolved in DMSO at a concentration of 
18.75 mg/ml and further diluted 1:25, 1:75, or 1:225 in mock CSF. 
Peptide infusions were performed using a 10 /ttl Hamilton syringe (Ham- 
ilton, Reno, NV) through a preimplanted 21 ga cannula in the left 
ventricle (from the bregma: anteroposterior, -0.8 mm; lateral, 1.5 mm; 
depth, 3.5 mm). Each animal received three ventricular infusions of 2 /il 
each over a 5 min time period 30 min before ischemia and 2 and 24 hr 
after ischemia, except as indicated otherwise. The resulting peptide 
doses for infusion treatment were 0.057 X 3, 1.5 /xg X 3, 0.5 pig X 3, 
and 0.167 (xg X 3 per animal. Infusions of diluted DMSO (0.04%) served 
as vehicle controls. All treatments were assigned to animals in a random- 
ized and blinded manner. Brain and rectal temperatures were monitored 
in all animals before, during, and up to 2 hr after ischemia. The rectal 
temperature was also measured at 24, 48, and 72 hr after ischemia. 

The doses of Z-DEVD-FMK used in the present study were suggested 
by the focal ischemia studies of others (Hara et al., 1997) and determined 
by a series of experiments in which the effectiveness of this peptide to 
inhibit caspase-3 activity in the hippocampus after ischemia was evalu- 
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F/gure /. /I, Deduced amino acid sequence of rat brain caspase-3 from 
the cDNA clone. This sequence shares 84.1% identity with the human 
cpp320 (Fernandes-Alnemri et al., 1994) and 99.3% with the rat brain 
IRP (Ni et al., 1997). The boxes mark the different amino acids between 
caspase-3 and the rat brain IRP. Arrowheads indicate the known prben- 



ated (see Results). For the measurement of caspase-3-like protease 
activity in peptide- or vehicle-infused brains, the brains were quickly 
removed 48 hr after ischemia and processed for the enzyme assay as 
described above. 

For histological outcome experiments, rats were killed at 3 or 7 d after 
ischemia. Their brains were perfused and paraffin-imbedded, and 6 jim 
sections were cut. Coronal sections at the level of the dorsal hippocampus 
(anteroposterior, -4.0 mm from the bregma) were selected and stained 
with cresyl violet. Adjacent brain sections were processed for TUN EL 
staining using the method described above, except that the sections were 
pretreated with 1% H 2 0 2 for 15 min to quench endogenous peroxidase 
before incubation in TdT buffer, and the biotin-16-dUTP tailing was 
detected using the horseradish-streptavidin-peroxidase method (Chen et 
al., 1997b). Sections were examined by two investigators who were 
blinded to the experimental conditions. Surviving hippocampal CA1 
neurons (showing normal morphology by cresyl violet staining) and cells 
containing DNA fragmentation (TUNEL positive) were quantified with 
the assistance of a computerized scanning program (MCID; St. 
Catharine's). 

To determine the potential role of the ICE-like protease in ischemic 
cell death, we subjected additional rats to ventricle infusion of the ICE 
inhibitor A^-benzyloxycarbonyl-Tyr-Val-Ala-Asp(OMe)-CH 2 F (Z-YVAD- 
FMK) (Enzyme Systems Products) before and after ischemia using the 
same protocol described for Z-DEVD-FMK. Rats received either 
Z-YVAD-FMK at 0.5 /xg x 3 or 1.5 fig x 3 or the same volume of 0.04% 
DMSO (n — 6 per group). Three days after ischemia, the brains of these 
rats were processed for cresyl violet staining, TUNEL staining, and subse- 
quent cell counting in the hippocampal CA1 sector. 

Data analysis 

All data are reported as mean ± SEM. Comparisons of caspase-3 mRNA 
expression, caspase-3 protein expression, caspase-3 activity, ICE-like 
activity, CA1 cell survival, or TUNEL-positive cells at different dura- 
tions of reperfusion with or without inhibitor treatment versus sham 
controls were made using ANOVA and post hoc Fisher's PLSD tests. A 
level ofp< 0.05 was considered statistically significant. 

RESULTS 

cDNA cloning of rat brain caspase-3 

To characterize the expression pattern of the caspase-3 gene in 
the brain after ischemia, we cloned a cDNA containing the entire 
open reading frame of caspase-3 from the ischemic brain cDNA 
library. Sequence analysis revealed that this cDNA encodes an 
open reading frame of 277 amino acids (Fig. L4). The deduced 
amino acid sequence had 84.1 and 92.1% identity to the published 
sequences of human and mouse cpp32/3 (Fernandes-Alnemri et 
al., 1994; Tewari et al., 1995), respectively. The positions of 
several predicted functional residues were also identical to those 
of human and mouse cpp32/3, including the two aspartic acid 
residues (28 and 175) predicted to be the cleavage sites, the three 
residues required for substrate binding (Arg64, Hisl08, and 
Arg207), and the QACRG motif responsible for binding of the 
protease to the aspartic acid residues in the substrate cleavage 
sites (Nicholson et al., 1995; Juan et al., 1996). After the comple- 



zyme cleavage sites for caspase-3 (Asp28-Ser29 and Aspl75-Serl76) 
that yield the pi 7 and pl2 active forms. The peptide sequence used to 
raise the caspase-3 antibody is underlined. B, SDS-PAGE analysis of 
extract of in vitro translation assay product from caspase-3 cDNA. Lane 1, 
Negative control. cRNA was omitted from the assay. Lane 2, Translation 
product (arrow) from the caspase-3 cDNA. C, Northern blot analysis of 
caspase-3 mRNA in the hippocampus after sham operation (lane 7) or 8 
hr (lane 2) or 24 hr (lane 3) after ischemia. Total RNA was isolated from 
the hippocampi (three brains per time point) and electrophoresed 
through a 1% agarose-foi maldehyde gel (20 /ig of RNA per lane). The 
only transcription species resulting from hybridizing with the caspase-3 
cDNA probe is ~2.6-2.7 kb (arrow), consistent with the predicted mo- 
lecular size of rat caspase-3 mRNA. Bottom, The same blot hybridized 
with the 18S RNA probe as a control for sample loading. 
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Figure Z Caspase-3 in situ hybridization. >1, Representative autoradiograms through the level of dorsal hippocampus in a sham-operated brain and in 
brains at 8, 24, 72, and 96 hr after 15 min of global ischemia. Caspase-3 mRNA is slightly increased in the dentate gyrus (DG) granule cell layer 8 hr 
after ischemia but markedly increased in the hippocampal CA1 sector at 24 and 72 hr after ischemia (arrowheads). A section (24 hr after ischemia; Sense) 
hybridized with the sense cDNA probe results in only background signals, fl, Relative caspase-3 mRNA changes in the (Figure legend continues) 
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tion of this work, two cDNA sequences encoding the rat caspase-3 
homologs were published. One clone, obtained from a rat brain 
cDNA library and referred to as interleukin-converting enzyme- 
related protease (IRP) (Ni et al., 1997), was 99.3% identical to 
our amino acid sequence. The other clone (cpp32/3), cloned from 
a rat colon cDNA library (Juan et al., 1996), was identical to our 
sequence at both nucleotide and amino acid levels. Thus, 
caspase-3 seems to be highly conserved across species and, within 
a species, across different organs. 

Using the cloned cDNA as a template, we found that the in vitro 
transcription and translation assay produced a protein at —32 
kDa (Fig. 1B)> the predicted size for caspase-3. 

Evidence of caspase-3 gene induction after ischemia 

Previous studies suggest that expression of caspase-3 mRNA and 
protein is retained in most adult tissues (Juan et al., 1996; Kra- 
jewska et al., 1997; Ni et al., 1997). In the present study, we have 
examined the expression of caspase-3 at both mRNA and protein 
levels in normal and ischemic brains, focusing on regions such as 
the hippocampus and caudate-putamen where cells are particu- 
larly vulnerable to transient global ischemia. Using Northern blot 
analysis, we detected caspase-3 mRNA (—2.6-2.7 kb) in all sam- 
ples tested (Fig. 1C). Although caspase-3 mRNA was readily 
detected in the normal hippocampus, the levels were increased at 
8 hr (1.8-fold) and 24 hr (2.3-fold) after 15 min of ischemia. 

As shown in Figure 2/l-C, the cellular distribution of the 
mRNA was examined further using in situ hybridization in non- 
ischemic brains and in brains 4, 8, 24, 72, or 96 hr after ischemia 
(n = 3 per time point). Consistent with the findings in Northern 
blots, basal expression of caspase-3 mRNA was readily detectable 
in the whole hippocampal formation, including pyramidal neu- 
rons in the CA1-CA3 sectors and granule cells in the dentate 
gyrus (Fig. 2A). Low levels of basal expression were also present 
in medium-sized neurons in the caudate-putamen and thalamus 
and in large- and medium-sized neurons in the cortex. Eight 
hours after ischemia, significantly increased caspase-3 mRNA was 
first detected in the dentate granule cells (Fig. 2B). It subsided to 
near control levels in this region thereafter. In the CA1 sector, a 
slight increase in caspase-3 mRNA was first seen at 8 hr. The 
signals were markedly increased in this region at 24 and 72 hr 
after ischemia. Examination of emulsion-coated sections revealed 
that many neurons in the thalamus and dorsolateral putamen also 
showed increased caspase-3 mRNA signal at 24-72 hr after 
ischemia. In the cortex, however, only a few scattered shrunken 
neurons in layers III-V showed increased mRNA. In control 
experiments, sections hybridized with the sense cDNA probe 
showed a low-level background signal that was homogeneous 
throughout the brain sections (Fig. 2/4, C). 

Evidence of caspase-3 protein alteration 
after ischemia 

Normally, caspase-3 protease is synthesized in cells as an inactive 
precursor (32 kDa). After activation, it is cleaved at the C termi- 
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nal of two specific aspartic acid residues to form two mature 
subunits, pl7 (17 kDa) and pl2 (12 kDa) (Nicholson et al., 1995). 
Using the antibody against the deduced C -terminal sequence of 
the larger subunit (see Materials and Methods), we found that 
Western blots recognized both precursor and pl7 but not pl2 in 
brain protein extracts (Fig. 3). Normal nonischemic hippocampus 
and caudate-putamen showed fairly high levels of the caspase-3 
precursor but none or very low levels of the pi 7 subunit. After 
ischemia, caspase-3 protein was increased in these regions (Fig. 
3). In the hippocampus, the pl7 subunit began to increase at 4 hr 
and markedly increased at 24-72 hr after ischemia. The levels of 
the precursor protein were also increased in this region at 8-72 
hr. In the caudate-putamen, the pl7 form was significantly in- 
creased and peaked at 8-24 hr after ischemia. The levels of the 
precursor protein, however, were unchanged after ischemia. The 
specificity of the caspase-3 immunoreactivity was confirmed in 
duplicate Western blots by preabsorbing the primary antibody 
with the specific caspase-3 peptide (5 /xg/ml), which abolished the 
signals (data not shown). Neither the pi 7 nor the precursor protein 
was increased in the cortex 4-72 hr after ischemia (Fig. 3). 

The cellular distribution of caspase-3 immunoreactivity in the 
brain was examined using immunohistochemistry. In contrast to 
the Western blot findings in normal nonischemic brains, neurons 
throughout most forebrain regions, including hippocampus, 
caudate-putamen, thalamus, and cortex, contained very weak or 
no caspase-3 immunoreactivity. As shown in Figure 4, basal 
caspase-3 immunoreactivity was exclusively present in the cell 
cytoplasm. Only very few scattered, shrunken neurons in the 
cortex and thalamus were highly caspase-3-immunoreactive and 
exhibited nuclear caspase-3 immunoreactivity. These results are 
consistent with recent observations in adult human brain tissues 
(Krajewska et al., 1997). Immunostaining in ischemic brains 
showed increased caspase-3 reactivity in several regions affected 
by global ischemia (Fig. 4a-/). In the hippocampal CA1 (but not 
CA3) neurons, increased caspase-3 immunoreactivity began to be 
detectable at 8 hr after ischemia and became maximal at 72 hr. At 
the earlier time points (8-24 hr), most cells in the CA1 sector had 
normal morphology, and the immunoreactivity was predomi- 
nantly present in the cytosol. At 72 hr after ischemia, however, 
the majority of cells in this region (>90%) showed pyknotic 
changes (shrinkage of the cell body and condensation of the 
nucleus). The increased immunoreactivity was distributed 
throughout the entire cell, including the nucleus. The hippocam- 
pal dentate granule cell layers also showed mildly increased 
caspase-3 immunoreactivity at 8 hr but not at 24 or 72 hr after 
ischemia. In the dentate, immunoreactivity was diffusely distrib- 
uted through the cell bodies. The other brain region showing a 
marked increase in cellular caspase-3 immunoreactivity after 
ischemia was the caudate-putamen. Many neurons in this region 
showed increased caspase-3 immunoreactivity 24-72 hr after 
ischemia. Many cells had pyknotic changes and showed increased 
immunoreactivity in the nucleus. 



hippocampal CA1 sector, CA3 sector, and dentate gyrus at 4, 8, 24, 72, and 96 hr after ischemia versus sham controls (n = 3 per group), determined by 
optical density measurement on autoradiograms. Data are reported as mean ± SEM and represent fold changes in ischemic brains versus sham controls; 
* p < 0.01, and ** p < 0.001 versus sham controls (ANOVA and post hoc Fisher's PLSD tests). C, Representative emulsion-coated sections 
counterstained with cresyl violet from a brain 72 hr after ischemia (a, c, e) and a sham control brain (b, d,f). Caspase-3 mRNA is predominantly 
increased in the CA1 sector of ischemic hippocampus (a; arrows) compared with the control brain (b). Under a high-power field (400X), increased 
amounts of silver grains localize to CA1 pyramidal neurons (c) and to scattered neurons in the caudate-putamen (e; arrows) compared with the controls 
d and /, respectively. The open squares in a and b mark the regions from which the high-power views in c and d are taken, respectively, g, Sense control 
in caudate-putamen from the same ischemic brain. Scale bar, 30 /xm. 
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Figure 3. Western blot analysis of caspase-3 protein in the hippocampus (Hi), caudate-putamen (CPu), and cortex (Ox) from brains after sham 
operation (lane 1) or 4 hr (lane 2), 8 hr (lane 3), 24 hr (lane 4), or 72 hr (lane 5) after ischemia. Immunoreactivity of both caspase-3 precursor protein 
(32 kDa) and its larger cleavage form (17 kDa) is increased in the hippocampus after ischemia. Immunoreactivity of the 17 kDa cleavage form is also 
increased in the caudate-putamen but not in the cortex. Graphs, Semiquantitative changes of caspase-3 protein after ischemia, determined by optical 
density (OD) measurements on Western blot auto radiograms (OD X area). Data are mean ± SEM (n - 4 per time point) and represent fold changes 
in ischemic brains versus sham controls; < 0.05 versus sham controls (ANOVA and post hoc Fisher's PLSD tests). 



To address the potential role of caspase-3 protein induction in 
ischemic cell death, we performed double staining for caspase-3 
protein and DNA fragmentation in brain sections obtained 24 and 
72 hr after ischemia, when substantial cell death began to occur in 
the caudate-putamen and hippocampus, respectively. In the hip- 
pocampal CA1 sector, the majority of DNA-fragmented 
(TUN EL -positive) neurons showed increased nuclear caspase-3 
immunoreactivity at 72 hr (Fig. Ae-h) and vice versa. In the 
caudate-putamen, especially the dorsolateral portion, many py- 
knotic cells showed colocalization of increased nuclear caspase-3 
immunoreactivity and DNA fragmentation at 24 and 72 hr after 
ischemia (Fig. 4fjt). Colocalization of increased nuclear 
caspase-3 immunoreactivity and DNA fragmentation was also 
detected in a few scattered neurons in layers III and V of the 
cortex. In sham-operated control brains (n = 4), zero to three 
cells per section showed DNA fragmentation. No colocalization 
of DNA fragmentation and caspase-3 immunoreactivity was 
found in these brains. 

TUN EL staining was also performed in adjacent brain sections 
using the horseradish-streptavidin-peroxidase method (Chen et 



al., 1997b), and positive versus negative cells in the hippocampus 
and caudate-putamen (CPu) were quantified. Twenty-four hours 
after, ischemia, 31.5 ± 8.9% (mean ± SEM; n = 4) of the total 
number of cells in the CPu at the midcaudate level showed 
TUNEL-positive staining, whereas <0.5% of the CA1 neurons 
stained positively. At 72 hr after ischemia, however, 86.5 ± 4.3% 
of the neurons in the CA1 and 52.7 ± 11.4% of the cells in the 
CPu were TUN EL positive (mean ± SEM; n = 4 at each coronal 
level). In both regions, the majority of TUNEL-positive cells 
exhibited shrinkage of cytoplasm and nucleus and condensation 
of chromatin. Many cells in the CPu also showed formation of 
two or more dense masses around the nucleus suggestive of 
apoptotic bodies, as described by others (Li et al., 1995; 
Charriaut-Marlangue et al., 1996). Meanwhile, only a small por- 
tion of TUNEL-positive cells in the CA1 sector (<10% of the 
total number of positive cells), mainly in CAla, exhibited signif- 
icant morphological changes indicative of necrosis, such as dif- 
fused cytosol staining or loss of cellular structures (Charriaut- 
Marlangue et al., 1996). Thus, many but not all ischemic neurons 
in this model show morphological features of apoptotic cell death. 
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These observations are consistent with previous findings in sim- 
ilar animal models (Kihara et al., 1994; Nitatori et al., 1995; Chen 
et al., 1996). 

Alteration of caspase-3- and ICE-like protease 
activities after ischemia 

To assay for protease activity, we incubated cell Iysates with 
Ac-DEVD-pNA as a substrate for caspase-3 and Ac-YVAD-/?NA 
as a substrate for ICE and monitored release of p-nitroanilide. 



Figure 4. Immunofluorescent images of caspase-3 
protein (a-/, /,;") and TUNEL labeling (g, h) in the 
hippocampal CA1 sector (left) and caudate-putamen 
(right) after ischemia. Compared with that in the 
control brain (a, 6), caspase-3 immunof uorescence is 
increased in the cytoplasm of CA1 pyramidal neurons 
(c) and in scattered neurons in the caudate-putamen 
(d; arrowheads) at 24 hr after ischemia. Caspase-3 
immunofluorescence is increased further in neurons 
in these regions with both cytosolic and nuclear local- 
ization at 72 hr after ischemia (e,/; arrowheads mark 
representative positive cells). Double-label (TUNEL) 
in the same sections shows a colocalization of DNA 
fragmentation (g, h; arrowheads mark representative 
positive cells) and increased caspase-3 immunofluo- 
rescence in most CA1 neurons (e vs g) and in many 
caudate neurons (/vs h) at 72 hr after ischemia. Note 
that TUN EL -positive neurons show a condensed and 
shrunken nucleus. Consecutive sections of c and d 
incubated with the primary antibody preabsorbed 
with the synthetic caspase-3 peptide show background 
fluorescence only (/, ;). Insets in a, c, and e show 
representative cresyl violet staining in the CA1 sector. 
In keeping with the delayed manner of cell death in 
this model, CA1 neurons show normal morphology in 
control brain (a) and in the brain 24 hr after ischemia 
(c) but show pyknotic changes in the brain 72 hr after 
ischemia (e). Scale bar, 50 fim. 

Lysates from normal nonischemic brains showed low levels of 
both ICE- and caspase-3-like peptide cleavage activities, which 
were blocked, but not completely, by saturated concentrations of 
the ICE inhibitor YVAD-CHO (5 jam) and the caspase-3 inhibi- 
tor DEVD-CHO (5 julm). The levels measured after inhibitor 
treatment were considered nonspecific background signals 
present in the lysates and were subsequently subtracted from all 
readings, as suggested previously (Enari et al., 1996). Lysates 
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Figure 5. The caspase-3-like (top) and ICE-like protease activity (bot- 
tom) in cell extracts from the hippocampus (Hi), caudate-putamen (CPU), 
cortex (CTx), and cerebellum (Cereb) after sham operation or 1, 4, 8, 24, 
or 72 hr after ischemia. The protease activities are measured by deter- 
mining the ability of cell extracts to cleave the colorimetric substrates 
Ac-DEVD-pNA (for caspase-3-like activity) and Ac-YVAD-pNA (for 
ICE-like activity). One unit of protease activity corresponds to the 
caspase-like activity that cleaves 1 pmol of pNA per minute at 37°C at 
saturating substrate concentrations. Data are presented as mean ± SEM 
(n - 4-5 per time point); *p < 0.05, and **p < 0.01 versus sham controls 
(ANOVA and post hoc Fisher's PLSD tests). 



from the ischemic hippocampus and caudate-putamen exhibited 
an increase in Ac-DEVD-pNA peptide cleavage activity that was 
detectable at 8 hr and maximal at 24-72 hr after ischemia (Fig. 5, 
top). The increased caspase-3-like protease activity was com- 
pletely inhibited by DEVD-CHO but was not affected by YVAD- 
CHO (data not shown). Moreover, lysates from ischemic hip- 
pocampus also exhibited a mild increase in Ac-YVAD-pNA 
cleavage activity that was detectable only at 72 hr after ischemia 
(Fig. 5, bottom). By contrast, there was no significant induction of 
ICE-like activity in the caudate-putamen at any time point tested. 
Neither caspase-3-like nor ICE-like protease activity was signifi- 
cantly increased in the cortical or cerebellum lysates at any time 
point after ischemia. 

The finding that ischemia markedly induces Ac-DEVD-/?NA 
cleaving activity in both the hippocampus and caudate-putamen 
prompted an analysis of poly(ADP-ribose) polymerase (PARP) 
cleavage and other potential caspase-3 cleavage substrates. West- 



ern blots using the C-2-10 monoclonal antibody detected in- 
creased cleavage of intact PARP (116 kDa) to the 85 kDa 
apoptosis-related cleavage fragment in ischemic brains (Fig. 6). 
The 85 kDa fragment was present at negligible levels in normal 
nonischemic brains. However, these levels were significantly in- 
creased after ischemia (24-72 hr after ischemia in the caudate- 
putamen and 72 hr after ischemia in the hippocampus). Duplicate 
Western blots performed using the primary antibody preabsorbed 
with the purified bovine PARP protein (10 tig/ml) showed a 
complete loss of signal at both 116 and 85 kDa (Fig. 6a), confirm- 
ing the specificity of the immunoreactivity recognized by the 
PARP antibody. Moreover, PARP cleavage was not detected in 
the cortex 4-72 hr after ischemia (data not shown). 

Considering that induced caspase-3 protease activity after isch- 
emia may result in the cleavage of other substrates in the ischemic 
brain as well, we also analyzed two other proteins, the DNA- 
dependent protein kinase and actin. Both proteins have been 
found to be cleaved under certain apoptotic conditions in several 
cell systems (Casciola-Rosen et al., 1995; Mashima et al., 1995; 
Song et al., 1996; McConnell et al., 1997), however, no specific 
cleavage products from either of the two proteins were detected 
in cell extracts from the hippocampus or caudate-putamen with or 
without ischemic insults (data not shown). 

Effects of inhibition of caspase-3-like protease activity 
after ischemia 

To investigate the cell death regulatory role of caspase-3 in 
ischemic brain injury further, we infused Z-DEVD-FMK, an 
inhibitor of caspase-3, into the ventricles beginning 30 min before 
the induction of ischemia. DMSO was used as a vehicle. The 
doses of Z-DEVD-FMK used in the histological outcome studies 
were predetermined by a set of dose -response experiments, in 
which the ability of Z-DEVD-FMK to inhibit caspase-3-like 
protease activity in ischemic brains was examined. 

Animals that received either no infusion, vehicle infusion, or 
peptide infusion all survived the experiments. At the highest dose 
(1.5 p.g X 3), Z-DEVD-FMK did not cause any notable behav- 
ioral abnormalities in the animals or microscopic evidence of cell 
death in normal nonischemic brains, determined by cresyl violet 
staining 72 hr after infusion (n = 4). Brain and rectal tempera- 
tures were not altered by infusion of the peptide before, during, 
or after ischemia. The EEG reached isoelectricity within 10 sec of 
the induction of ischemia in all animals. In the brains of animals 
subjected to 15 min of ischemia followed by 48 hr of reperfusion, 
Z-DEVD-FMK infusion decreased Ac-DEVD-pNA peptide 
cleavage activity in the hippocampus in a dose-dependent manner 
(Fig. laE). 

In histological outcome studies, Z-DEVD-FMK partially but 
significantly decreased neuronal death in the hippocampal CA1 
sector at 72 hr after ischemia (Fig. laA,aB). The protective effect 
of Z-DEVD-FMK was detectable at higher doses, and the effect 
was more apparent in the hippocampus on the side ipsilateral 
rather than contralateral to the infusion. To test the efficacy of 
Z-DEVD-FMK administrated after ischemia, we infused the 
peptide into the ventricles beginning 2 hr after ischemia and 
followed with a second infusion 22 hr later (total dose, 4.5 /xg). 
Post-treatment with Z-DEVD-FMK increased CA1 neuron sur- 
vival in the hippocampus bilaterally 72 hr after ischemia, with an 
efficacy similar to that of pretreatment. To determine whether 
Z-DEVD-FMK promotes CA1 neuron survival after a longer 
period of reperfusion, we gave two additional groups of animals 
either vehicle or peptide pretreatment (1.5 /xg X 3), and brain 
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Figure 6. Western blot analysis of PARP in the hippocampus and caudate-putamen after ischemia, o, Lanes 1-2, Positive controls for intact PARP (116 
kDa) and cleaved PARP (85 kDa) using cell extracts from uninduced human HL60 leukemia cells and HL60 induced to undergo apoptosis, respectively. 
Lanes 3-6, Cell extracts from the hippocampus after sham operation (lane 3) or 8 hr (lane 4), 24 hr (lana 5), or 72 hr (lane 6) after ischemia. Note that 
the 85 kDa form of PARP is increased at 72 hr. Lane 7, The same cell extract used in lane 6 incubated with the primary antibody preabsorbed with 
purified bovine PARP protein (10 ^g/ml). Lanes 8-10, Cell extracts from the caudate-putamen after sham operation (lane 8) or 24 hr (lane 9) or 72 hr 
(lane 10) after ischemia. Note that the 85 kDa form is increased in both ischemic samples, b, Semiquantitative analysis of relative PARP changes in the 
hippocampus (Hi) and caudate-putamen (CPu) after ischemia. Data are mean ± SEM (n = 3 per time point); *p < 0.05 versus sham controls (ANOVA 
and post hoc Fisher's PLSD tests). 



sections were obtained for analysis 7 d after ischemia. Z-DEVD- 
FMK significantly increased CA1 neuron survival, although to a 
lesser extent compared with the outcome at 3 d (Fig. 8). In all 
treatment paradigms tested (before or after treatment or a longer 
period of reperfusion), Z-DEVD-FMK significantly decreased 
the number of CA1 neurons that exhibited DNA fragmentation 
after ischemia (Fig. laC,aD). Representative micrographs show- 
ing histological outcome and DNA fragmentation after ischemia 
with or without peptide infusion are presented in Figure 8. 

Because Z-DEVD-FMK, like all other commercially available 
caspase inhibitors, may act on multiple caspases instead of inhib- 
iting caspase-3 only, another caspase inhibitor, Z-YVAD-FMK, 
which has a preferential action on ICE, was also tested in the 
present study. At both doses equivalent to the effective doses for 
Z-DEVD-FMK (0.5 ^igX3 and 1.5 /xg X 3), Z-YVAD-FMK 
failed to show significant protection in CA1 neurons 3 d after 
ischemia (Fig. lb). 

DISCUSSION 

A number of gene products may be modulators of neuronal 
apoptosis resulting from cerebral ischemia and related brain 
insults (for review, see Bredesen, 1995; Koistinaho and Hokfelt, 
1997). In the present study, we demonstrate that caspase-3, a key 
member of the ICE protease family, was induced in neurons after 
transient global ischemia. Caspase-3 mRNA and protein were 



increased in the hippocampus and caudate-putamen, which are 
selectively vulnerable to ischemic injury. The caspase-3 precursor 
was proteolytically activated, and caspase-3-like protease activity 
was increased in these vulnerable brain regions before and coin- 
cidental with cell death. The specific caspase-3 protease substrate 
PARP was cleaved in these regions when substantial amounts of 
cell death occurred. Finally, inhibition of caspase-3-like protease 
activity using a tetrapeptide inhibitor significantly decreased neu- 
ronal death and DNA fragmentation in the hippocampal CA1 
sector up to 7 d after ischemia. These results strongly support the 
hypothesis that the caspase-3 protease is an inducible cell death 
effector in the brain after ischemic injury. 

Consistent with previous observations, caspase-3 mRNA and 
protein are present at low levels in the adult brain (Krajewska et 
al., 1997; Ni et al., 1997). After transient global ischemia, expres- 
sion of both caspase-3 mRNA and protein was markedly in- 
creased in the brain. Although caspase-3 gene expression was 
transiently and modestly increased in less vulnerable cells such as 
dentate granule cells 8 hr after ischemia, a greater and prolonged 
increase, lasting up to 72 hr after ischemia, was found in selec- 
tively vulnerable CAJ and striatal neurons destined to die. These 
data confirm recent findings regarding cpp32 mRNA expression 
in a rat model of cardiac arrest (Gillardon et al., 1997). This 
pattern of expression is also similar to that of Bax, another 
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Figure 7. a, Quantitative analysis of effect of in vivo caspase-3 inhibitor treatment on hippocampal CAT neuron survival (A,B), DNA fragmentation (C, 
D), and caspase-3-like activity after ischemia (E). A, B, Dose-dependent increase in CA1 neuron survival after ischemia by the caspase-3 inhibitor 
Z-DEVD-FMK, either injected before the induction of ischemia (vehicle or total dose of 0.5, 1.5, or 4.5 /xg) or after ischemia (post-is with total dose 
of 4.5 /xg). Cresyl violet staining and cell counting were performed either 3 or 7 d after ischemia. C, D, Dose-dependent decrease in the amount of cells 
with DNA fragmentation (TUNEL positive) in CA1 after ischemia by inhibiting caspase-3-like protease activity. No DNA fragmentation is present in 
CA1 in naive or sham-operated brains (data not shown). Sections through the same level of the dorsal hippocampus (bregma, —4.0 mm) are used for 
the analysis. Cell counting includes the entire CA1 sector at this level. E, Dose-dependent inhibition of caspase-3-like activity in the hippocampus by 
Z-DEVD-FMK. Vehicle (n = 4) or the peptide (total dose of 0.17, 0.5, 1.5, or 4.5 /xg) was infused beginning 30 min before ischemia (n = 5 each dose). 
Caspase-3-like activity was measured in hippocampal cell extracts 48 hr after ischemia. All data are reported as mean ± SEM; * p < 0.01, and ** p < 
0.001 (ANOVA and post hoc Fisher's PLSD tests), b, Quantitative analysis of effect of in vivo ICE inhibitor Z-YVAD-FMK treatment on hippocampal 
CA1 neuron survival (A) and DNA fragmentation (B) 3 d after ischemia. No significant protection by Z-YVAD-FMK was detected. Injection Side, The 
hemisphere receiving inhibitor infusion; contralateral side, the hemisphere receiving no infusion. The number in parentheses indicates the number of 
animals in that experimental group. 
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proapoptotic gene studied in similar animal models of global 
ischemia (Krajewski et al., 1995; Chen et al., 1996). With rare 
exceptions, cells containing fragmented DNA also showed highly 
increased caspase-3 immunoreactivity (Fig. 4). Such colocaliza- 
tion of DNA fragmentation and elevated caspase-3 immunoreac- 
tivity was detected in a majority of neurons in the CA1 sector and 
many neurons in the CPu at 72 hr after ischemia. These results 
are consistent with a potential role for caspase-3 as a neuronal 
death effector in ischemic neurons. 

As seen with other ICE family proteases, post-translational 
activation of caspase-3 requires proteolytic cleavage of the pre- 
cursor protein, in this case into two subunits (pl7 and pl2), the 
larger of which contains the catalytic site (Fernandes-Alnemri et 
al., 1994). In the present study, an increase in pi 7 immunoreac- 
tivity began to be detectable in the hippocampus and CPu 4 hr 
after ischemia and peaked at 24-72 hr (Fig. 3). Nearly coincident 
with the time course of caspase-3 proteolytic cleavage after isch- 
emia, caspase-3-like protease activity was selectively increased in 
the same brain regions, suggesting that proteolytic cleavage of 
caspase-3 may directly contribute to the increase in caspase-3 
protease activity after ischemia. The increased caspase-3 pro- 



tease activity was detected in brain regions in which cell death 
was eventually substantial (the hippocampus and CPu) but not in 
regions either less vulnerable to ischemia (the cortex) or unaf- 
fected by ischemia in this model (the cerebellum). Thus, we 
suggest that cell deuih after global ischemia is associated with 
post-translational activation as well as gene induction of 
caspase-3, with the proteolytic cleavage event slightly preceding 
gene upregulation. The mechanism by which the caspase-3 gene is 
induced and the caspase-3 precursor is cleaved after ischemia is 
unclear. Ischemia-induced glutamate release could be a trigger 
for caspase-3 gene induction (Du et al., 1997). A number of 
studies suggests that caspase-3 can be either autoactivated or 
activated by ICE or nedd2, Mch2a/CAP, Mch4, and Mch5 (Ku- 
mar et al., 1994; Tewari et al., 1995; Fernandes-Alnemri et al., 
1996; Liu et al., 1996). It is possible that ischemia activates ICE or 
other upstream proteases, which lead to the activation of 
caspase-3. Subsequently, active caspase-3 and overexpression of 
caspase-3 could contribute to autoactivation of this enzyme. Ac- 
cordingly, we speculated that ICE might be induced or activated 
during earlier reperfusion periods after ischemia. However, we 
could not detect increased ICE mRNA expression in the brain 
0.5-72 hr after ischemia (data not shown). Moreover, ICE-Iike 
protease activity was only modestly increased in the hippocampus 
and only after 72 hr of reperfusion and was not increased in the 
CPu (Fig. 5). The ICE inhibitor Z-YVAD-FMK failed to provide 
significant protection in CA1 (Fig. lb). These data do not support 
ICE as the main trigger responsible for the activation of caspase-3 
and subsequent neuronal death after global ischemia. 

The regional and temporal profile of caspase-3 induction after 
ischemia supports a role of this enzyme in ischemic neuronal 
death; however, a causal relationship between these two events 
cannot be deduced from the expression data alone. Consequently, 
we have studied the effect of inhibiting caspase-3 activity on cell 
survival after ischemia. The tetrapeptide inhibitor Z-DEVD- 
FMK significantly reduced caspase-3-like protease activity in 
ischemic hippocampus and significantly decreased CA1 cell loss, 
with a similar efficacy whether given before or after ischemia. The 
protective effect of Z-DEVD-FMK on CA1 neuron survival is 
unlikely to be caused by its effects on brain temperature or 
ischemia induction (as judged by EEG measurement). However, 
we must interpret these data with great caution. Because the 
tetrapeptide inhibitor was designed based on the PARP cleavage 
site (Lazebnik et al., 1994), caspase-3 may not be the sole caspase 
inhibited by Z-DEVD-FMK. Several caspase-3-related proteases 
including Mch2a and Mch3a are also capable of cleaving PARP 
or the Af-acetyl-Asp-Glu-Val-Asp-(7-amino-4-methylcoumarin) 
(DEVD-AMC) substrate reminiscent of the PARP cleavage site 
(Fernandes-Alnemri et al., 1995). Ich-2/Tx and Ich-l/nedd2 can 
cleave PARP, but this requires very high enzyme-substrate ratios 
(for review, see Zhivotovsky et al., 1996). Thus, we cannot ex- 
clude the possibility that the protective effect achieved by the 
caspase-3 inhibitor is via the inhibition of other caspase-3-like 
enzymes. To address this issue, it will be helpful to compare 
ischemic injury in naive and caspase-3-deficient (knock-out) an- 
imals. Nevertheless, the fact that the caspase-3 gene is induced 
and its enzymatic activity is increased after ischemia provides 
strong evidence to link ischemic cell death to the activation of 
caspase-3. 

Caspase-3 may mediate ischemic cell death via several mech- 
anisms. Mature caspase-3 can cleave specific cellular proteins. 
Several proteins have been suggested as potential targets for 
caspase-3 during apoptosis. The best-characterized death sub- 
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Figure 8. Effect of in vivo caspase-3 inhibition on CA1 neuron survival and DNA fragmentation. /4, Low-power fields (40x) showing representative cresyl 
violet staining (a, c, e) and TUNEL (b, d,f)\n the hippocampus 3 d after sham operation (a, b), after ischemia plus vehicle infusion (c, d), or after ischemia 
plus caspase-3 inhibitor infusion (total dose, 4.5 /ig; e, f). Arrows in c and e mark cell death in the CA1 sector. Arrows in d and / mark DNA-fragmented 
(TUNEL-positive) cells in the CA1 sector. B y High-power fields (400X) showing representative cresyl violet staining (a, c, e>g) and TUNEL counterstained 
with cresyl violet (b, d,f, h) in the CA1 sector. Three days after sham operation (a, 6), no cell death or DNA fragmentation is present in CA1; 3 d after 
ischemia plus vehicle infusion (c, d), the majority of CA1 neurons show pyknotic changes (c) and TUNEL labeling (d)\ 3 d after ischemia plus caspase-3 
inhibitor infusion (e,/), many neurons show normal morphology (yellow arrowheads), and decreased amounts of neurons show pyknotic changes (e) or 
TUNEL labeling (red arrowheads; /); and 7 d after ischemia plus inhibitor infusion (g, /i), both survival neurons (yellow arrowheads) and TUNEL-positive 
cells (red arrowheads; h) are present in the CA1. Scale bar, 50 /xm. 
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strate is PARP, an enzyme involved in DNA repair and mainte- 
nance of genome integrity (Althaus and Richter, 1987; Satoh and 
Lindahl, 1992). Under many apoptotic conditions, PARP is 
cleaved by caspase-3 to generate the characteristic 85 and 24 kDa 
fragments (Kaufmann et al., 1993; Fernandes-Alnemri et al., 
1995; Nicholson et al., 1995). Other proteins thought to be targets 
for caspase-3 include DNA-dependent protein kinase (DNA-PK) 
(Casciola-Rosen et al., 1995; Han et al., 1996), protein kinase C 
(Hugunin et al., 1996), the transcription factors SREBPs (Wang 
et al., 1996), and actin (Mashima et al., 1997; Song et al., 1997). In 
the present study, PARP was partially cleaved to its 85 kDa 
fragment in vulnerable brain regions after ischemia. No degra- 
dation of DNA-PK or actin was detected. Thus, PARP may be a 
specific substrate for caspase-3 during ischemic cell death, al- 
though whether degradation of PARP is an event leading to 
ischemic cell death is unclear. First, as shown in this study, 
cleavage of PARP is a late event after ischemia. Second, PARP is 
a nuclear protein, and although caspase-3 may be present in the 
nucleus of degenerated neurons (Fig. 4), there is no direct evi- 
dence that mature caspase-3 is relocated to the nucleus from the 
cytosol before cell death. Third, under certain circumstances such 
as focal cerebral ischemia and excitotoxicity, gene disruption or 
pharmacological inhibition of PARP improves neuronal survival 
(Eliasson et al., 1997; Endres et al., 1997). Accordingly, cleavage 
of PARP may not be responsible for neuronal death after isch- 
emia. Instead, PARP degradation may reflect the overall cellular 
destruction in the final stages of the apoptotic cascade. Another 
potential mechanism via which caspase-3 might effect cell death 
after ischemia is by activating other caspases such as Mch2a and 
Mch6 involved in the apoptotic cascade (Srinivasula et al., 1996). 
Finally, caspase-3 may promote cell death via the activation of 
caspase-activated deoxyribonuclease (CAD), a key DNA- 
cleavage enzyme responsible for DNA fragmentation during ap- 
optosis. Enari et al. (1998) recently suggest that caspase-3 acti- 
vates CAD by cleaving and releasing the CAD inhibitory protein 
that normally binds CAD. Future work identifying specific cellu- 
lar substrates for caspase-3 at early stages of cell death would 
greatly enhance our understanding of the role of this death 
protease in ischemic brain injury. 

In summary, the present study provides evidence that the 
caspase-3 gene is induced and its protein product is activated in 
selectively vulnerable brain regions after ischemia. Caspase-3 
activation precedes and its regional distribution correlates with 
delayed cell death. The caspase-3 inhibitor decreases protease 
activity in the hippocampus and increases cell survival in this 
region after ischemia. The results strongly support a cell death- 
effector role for caspase-3-protease in ischemic brain injury. Fu- 
ture development of highly specific methods to inhibit caspase-3- 
like protease activity or its consequences may have therapeutic 
significance in the treatment of stroke and related neurological 
disorders. 
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Cell cycle-specific proteolysis is critical for proper execution of 
mitosis in all eukaryotes . Ubiquitination and subsequent proteolysis of the 
mitotic regulators Clb2 and Pdsl depend on the cyclosome/APC and the 26S 
proteasome. We report here that components of the cell cycle machinery in 
yeast, specifically the cell cycle regulatory cyclin- 
dependent kinase Cdc2 8 and a conserved associated protein 
Cksl /Sucl, interact genetically, physically, and functionally with 
components of the 2 6S proteasome. A mutation in Cdc2 8 (cdc2 8-lN) that 
interferes with Cksl binding, or inactivation of Cksl itself, 
confers stabilization of Clb2 , the principal mitotic B-type cyclin in 
budding yeast. Surprisingly, Clb2 -ubiquitination in vivo and in vitro 
is not affected by mutations in cksl, indicating that Cksl is 
not essential for cyclosome/APC activity. However, mutant Cksl 
proteins no longer physically interact with the proteasome, suggesting that 
Cksl is required for some aspect of proteasome function during 
M-phase-specif ic proteolysis. We further provide evidence that Cksl 
function is required for degradation of the anaphase inhibitor Pdsl. 
Stabilization of Pdsl is partially responsible for the metaphase arrest 
phenotype of cksl mutants because deletion of PDS1 partially relieves 
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the metaphase block in these mutants. 

Cyclin-dependent kinase and Cks/Sucl interact with the 
proteasome in yeast to control proteolysis of M-phase targets. 
May 1 1999, 

... and the 26S proteasome. We report here that components of the cell 
cycle machinery in yeast, specifically the cell cycle regulatory 
cyclin-dependent kinase Cdc2 8 and a conserved associated 
protein Cksl/Sucl, interact genetically, physically, and functionally 
with components of the 26S proteasome. A mutation in Cdc28 (cdc28-lN) that 
interferes with Cksl binding, or inactivation of Cksl itself, 
confers stabilization of Clb2, the principal mitotic B-type cyclin in 
budding yeast. Surprisingly, Clb2 -ubiquitination in vivo and in vitro 
is not affected by mutations in cksl, indicating that Cksl is 
not essential for cyclosome/APC activity. However, mutant Cksl 
proteins no longer physically interact with the proteasome, suggesting that 
Cksl is required for some aspect of proteasome function during 
M-phase-specif ic proteolysis. We further provide evidence that Cksl 
function is required for degradation of the anaphase inhibitor Pdsl. 
Stabilization of Pdsl is partially responsible for the metaphase arrest 
phenotype of cksl mutants because deletion of PDS1 partially relieves 
the metaphase block in these mutants . 
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We have analyzed five mutant alleles of two cyclin-dependent kinases from 
Arabidopsis thaliana, CDC2aAt and CDC2bAt, in Schizosaccharomyces pombe. 
Two of the five mutant alleles produced similar phenotypes for both 
cyclin-dependent kinases. The other three mutants caused phenotypes 
dependent on the particular cyclin-dependent kinase. Of 

all the mutant alleles, only two were found to possess a detectable kinase 
activity. Our mutational analysis lends further support for CDC2aAt being 



the true orthologue of the yeast cdc2 . CDC2bAt, even though quite 
divergent from S. pombe cdc2, still retains the ability to interact with at 
least some essential cell cycle regulators, suggesting some functional 
homology with the yeast protein. Additionally, we demonstrated that 
the three amino acid deletion in the DL50 mutants results in the loss of 
the ability to interact with the sucl/CKSl proteins. 

Mutational analysis of two Arabidopsis thaliana cyclin-dependent kinases 
in fission yeast. 
Mar 5 1999, 

... for both cyclin-dependent kinases. The other three mutants caused 
phenotypes dependent on the particular cyclin-dependent 
kinase . Of all the mutant alleles, only two were found to possess a 
detectable kinase activity. Our mutational analysis lends further support 
for CDC2aAt being the true orthologue of the yeast cdc2 . CDC2bAt, 
even though quite divergent from S. pombe cdc2 , still retains the ability 
to interact with at least some essential cell cycle regulators, suggesting 
some functional homology with the yeast protein. Additionally, we 
demonstrated that the three amino acid deletion in the DL50 mutants results 
in the loss of the ability to interact with the sucl/CKSl proteins. 
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A cdc2 -related protein kinase gene, crk3, has been isolated from the 
parasitic protozoan Leishmania mexicana. Data presented here suggests that 
crk3 is a good candidate to be the leishmanial cdc2 homologue but that the 
parasite protein has some characteristics which distinguish it from 
mammalian cdc2 . crk3 is predicted to encode a 35.6-kDa protein with 54% 
sequence identity with the human cyclin-dependent 
kinase cdc2 and 78% identity with the Trypanosoma brucei CRK3 . The 
trypanosomatid CRK3 proteins have an unusual, poorly conserved 19-amino 
acid N-terminal extension not present in human cdc2 . crk3 is single 
copy, and there is 5-fold higher mRNA in the replicative promastigote 
life-cycle stage than in the non-dividing metacyclic form or mammalian 
amastigote form. A leishmanial suc-binding cdc2-related kinase (SBCRK) 
histone HI kinase, has previously been described which binds the 
yeast protein, pl3 (sucl) , and that has stage-regulated activity 
(Mottram J. C, Kinnaird, J., Shiels, B. R., Tait, A., and Barry, J. D. 
(1993) J. Biol. Chem. 268, 21044-21051). CRK3 from cell extracts of the 
three life-cycle stages was found to bind pl3(sucl) and the leishmanial 
homologue pl2 (cksl) . CRK3 fused with six histidines at the C terminus 
was expressed in L. mexicana and shown to have SBCRK histone HI kinase 
activity. Depletion of histidine-tagged CRK3 from L. mexicana cell 
extracts, by Ni-nitrilotriacetic acid agarose selection, reduced histone HI 
kinase activity binding to pl3 (sucl) . These data imply that crk3 encodes 
the kinase subunit of SBCRK. SBCRK and histidine-tagged CRK3 activities 
were inhibited by the purine analogue olomoucine with an IC50 of 28 and 42 
microM, respectively, 5-6-fold higher than human p34 (cdc2 ) /cyclinB . 
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... is predicted to encode a 35.6-kDa protein with 54% sequence identity 
with the human cycl in -dependent kinase cdc2 and 78% 

identity with the Trypanosoma brucei CRK3 . The trypanosomatid CRK3 proteins 
have an unusual, poorly conserved 19-amino acid N-terminal extension not 
present in human cdc2 . crk3 is single copy, and there is 5-fold 
higher mRNA in the replicative . . . 

... binding cdc2-related kinase (SBCRK) histone HI kinase, has previously 
been described which binds the yeast protein, pl3 (sucl) , and that has 
stage-regulated activity (Mottram J. C, Kinnaird, J., Shiels... 

. . . three life-cycle stages was found to bind pl3 (sucl) and the leishmanial 
homologue pl2 (cksl) . CRK3 fused with six histidines at the C terminus 
was expressed in L. mexicana and. . . 

. . . olomoucine with an IC50 of 28 and 42 microM, respectively, 5-6-fold 
higher than human p34 (cdc2 ) /cyclinB . 
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BACKGROUND. pl3 (sucl) from fission yeast is a member of the CDC28 
kinase specific (CKS) class of cell-cycle control proteins, that includes 
CKS1 from budding yeast and the human homologues CksHsl 

and CksHs2. pl3 (sucl) participates in the regulation of p34(cdc2), a 
cyclin-dependent kinase controlling the Gl-S and the G2-M 

transitions of the cell cycle. The CKS proteins are believed to exert their 
regulatory activity by binding to the kinase, in which case their function 
may be governed by their conformation or oligomerization state. Previously 
determined X-ray structures of pl3 (sucl) , CksHsl and CksHs2 show that these 
proteins share a common fold but adopt different oligomeric states. 
Monomeric forms of pl3(sucl) and CksHsl have been solved. In addition, 
CksHs2 and pl3 (sucl) have been observed by X-ray crystallography in 
assemblies of strand- exchanged dimers . Analysis of various assemblies of 
the CKS proteins, as found in different crystal forms, should help to 
clarify their role in cell -cycle control. RESULTS. We report the X-ray 
crystal structure of pl3 (sucl) to 1.95 A resolution in space group C2221. 
It is present in the crystals as a strand-exchanged dimer. The overall 
monomeric fold is preserved in each lobe of the dimer but a single 
beta-strand (Ile94-Aspl02 ) is exchanged between the central beta-sheets of 
each molecule. CONCLUSIONS. Strand exchange, which has been observed for 
pl3(sucl) in two different space groups, and for CksHs2, is now confirmed 
to be an intrinsic feature of the CKS family. A switch between levels of 
assembly may serve to coordinate the function of the CKS proteins in 
cell-cycle control. 



Crystal structure of the yeast cell-cycle control protein, pl3sucl, 
in a strand-exchanged dimer. 
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BACKGROUND. pl3 (sucl) from fission yeast is a member of the CDC28 
kinase specific (CKS) class of cell-cycle control proteins, that includes 
CKS1 from budding yeast and the human homologues CksHsl 

and CksHs2. pl3 (sucl) participates in the regulation of p34(cdc2), a 
cyclin-dependent kinase controlling the Gl-S and the G2-M 
transitions of the cell cycle. The CKS... 
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The 2.6 Angstrom crystal si^ructure for human cyclin- 
dependent kinase 2(CDK2) ^arfTcomple^ with CksHsl, a human 

homolog of essential yeast ceilcycle- regulatory proteins sucl and 
Cksl , reveals that CksHsl binds via all four beta strands to the 
kinase C- terminal lobe. This interface is biologically critical, based upon 
mutational analysis, but far from the CDK2 N- terminal lobe, cyclin, and 
regulatory phosphorylation sites. CDK2 binds the Cks single domain 
conformation and interacts with conserved hydrophobic residues plus His-60 
and Glu-63 in their closed beta-hinge motif conformation. The beta hinge 
opening to form the Cks beta-interchanged dimer sterically precludes CDK2 
binding, providing a possible mechanism regulating CDK2-Cks interactions. 
One face of the complex exposes the sequence -conserved phosphate -binding 
region on Cks and the ATP-binding site on CDK2, suggesting that CKs may 
target CDK2 to other phosphoproteins during the cell cycle. 

Crystal structure and mutational analysis of the human CDK2 kinase 
complex with cell cycle-regulatory protein CksHsl. 
Mar 22 1996, 

The 2.6 Angstrom crystal structure for human cyclin- 
dependent kinase 2(CDK2) in complex with CksHsl, a human 

homolog of essential yeast cell cycle-regulatory proteins sucl and 
Cksl , reveals that CksHsl binds via all four beta strands to the 
kinase C-terminal lobe... 
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SCF(Skp2) -mediated ubiquitinylation of p27. 
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The eye 1 in -dependent kinase (CDK) inhibitor p27 is 
degraded in late Gl phase by the ubiquitin pathway, allowing CDK activity 
to drive cells into S phase. Ubiquitinylation of p27 requires its 
phosphorylation at Thr 187 (refs 3, 4) and subsequent recognition by 
S-phase kinase associated protein 2 (Skp2; refs 5-8) , a member of the F-box 
family of proteins that associates with Skpl, Cul-1 and ROCl/Rbxl to form 
an SCF ubiquitin ligase complex. However, in vitro ligation of p27 to 
ubiquitin could not be reconstituted by known purified components of the 
SCFSkp2 complex. Here we show that the missing factor is CDK subunit 1 ( 
Cksl ) , which belongs to the highly conserved Sucl/Cks family of 
proteins that bind to some CDKs and phosphorylated proteins and are 
essential for cell -cycle progression. Human Cksl, but not other 
members of the family, reconstitutes ubiquitin ligation of p27 in a 
completely purified system, binds to Skp2 and greatly increases binding of 
T187 -phosphorylated p27 to Skp2 . Our results represent the first evidence 
that an SCF complex requires an accessory protein for activity as well as 
for binding to its phosphorylated substrate. 

The cell-cycle regulatory protein Cksl is required for 
SCF (Skp2) -mediated ubiquitinylation of p27. 
Mar 2001, 

The cyclin-dependent kinase (CDK) inhibitor p27 is 
degraded in late Gl phase by the ubiquitin pathway, allowing CDK. . . 

. . . of the SCFSkp2 complex. Here we show that the missing factor is CDK 
subunit 1 (Cksl ) , which belongs to the highly conserved Sucl/Cks 
family of proteins that bind to some CDKs and phosphorylated proteins and 
are essential for cell-cycle progression. Human Cksl, but not 
other members of the family, reconstitutes ubiquitin ligation of p27 in a 
completely. . . 
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BACKGROUND: The Saccharomyces cerevisiae protein Cksl (cyclin 
-dependent kinase subunit 1) is essential for cell-cycle 
progression. The biological function of Cksl can be modulated by a 
switch between two distinct molecular assemblies: the single domain fold, 
which results from the closing of a beta-hinge motif, and the intersubunit 
beta-strand interchanged dimer, which arises from the opening of the 
beta-hinge motif. The crystal structure of a cyclin-dependent 



kinase (Cdk) in complex with the human Cks homolog CksHsl 
single-domain fold revealed the importance of conserved hydrophobic 
residues and charged residues within the beta-hinge motif. RESULTS: The 3.0 
A resolution Cksl structure reveals the strict structural 
conservation of the Cks alpha/beta-core fold and the beta-hinge motif. The 
beta hinge identified in the Cksl structure includes a novel pivot 
and exposes a cluster of conserved tyrosine residues that are involved in 
Cdk binding but are sequestered in the beta -interchanged Cks homolog sucl 
dimer structure. This Cksl structure confirms the conservation of the 
Cks anion-binding site, which interacts with sidechain residues from the 
C-terminal alpha helix of another subunit in the crystal. CONCLUSIONS: The 
Cksl structure exemplifies the conservation of the beta- interchanged 
dimer and the anion-binding site in evolutionarily distant yeast and 
human Cks homologs . Mutational analyses including in vivo rescue of 
CKS1 disruption support the dual functional roles of the beta-hinge 
residue Glu94, which participates in Cdk binding, and of the anion-binding 
pocket that is located 22 A away and on an opposite face tO'Glu94. The 
Cksl structure suggests a biological role for the beta- interchanged 
dimer and the anion-binding site in targeting Cdks to specific 
phosphoproteins during cell -cycle progression. 

Crystal structure and mutational analysis of the Saccharomyces cerevisiae 
cell cycle regulatory protein Cksl: implications for domain swapping, 
anion binding and protein interactions. 

Aug 15 2000, 

BACKGROUND: The Saccharomyces cerevisiae protein Cksl (cyclin 
-dependent kinase subunit 1) is essential for cell-cycle 
progression. The biological function of Cksl can be modulated by a 
switch between two distinct molecular assemblies: the single domain fold... 

... which arises from the opening of the beta-hinge motif. The crystal 
structure of a cyclin-dependent kinase (Cdk) in complex 
with the human Cks homolog CksHsl single-domain fold revealed the 
importance of conserved hydrophobic residues and charged residues within 
the beta-hinge motif. RESULTS : The 3.0 A resolution Cksl structure 
reveals the strict structural conservation of the Cks alpha/beta-core fold 
and the beta-hinge motif. The beta hinge identified in the Cksl 
structure includes a novel pivot and exposes a cluster of conserved 
tyrosine residues that are... 

. . . Cdk binding but are sequestered in the beta- interchanged Cks homolog 
sucl dimer structure. This Cksl structure confirms the conservation 
of the Cks anion-binding site, which interacts with sidechain residues from 
the C-terminal alpha helix of another subunit in the crystal. CONCLUSIONS: 
The Cksl structure exemplifies the conservation of the 
beta- interchanged dimer and the anion-binding site in evolutionarily 
distant yeast and human Cks homologs. Mutational analyses 
including in vivo rescue of CKS1 disruption support the dual 
functional roles of the beta-hinge residue Glu94, which participates in... 

...pocket that is located 22 A away and on an opposite face to Glu94 . The 
Cksl structure suggests a biological role for the beta- interchanged 
dimer and the anion-binding site. . . 
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pl3(sucl) (Cks) proteins have been implicated in the regulation of 
eye 1 in -dependent kinase (CDK) activity. However, the 

mechanism by which Cks influences the function of cyclin-CDK complexes has 
remained elusive. We show here that Cksl is required for the protein 
kinase activity of budding yeast G(l) cyclin-CDK complexes. Cln2 and 
Cdc28 subunits coexpressed in baculovirus- infected insect cells fail to 
exhibit protein kinase activity towards multiple substrates in the absence 
of Cksl. Cksl can both stabilize Cln2-Cdc2 8 complexes and 
activate intact complexes in vitro, suggesting that it plays multiple roles 
in the biogenesis of active G(l) cyclin-CDK complexes. In contrast, Cdc28 
forms stable, active complexes with the B-type cyclins Clb4 and Clb5 
regardless of whether Cksl is present. The levels of Cln2-Cdc28 and 
Cln3-Cdc28 protein kinase activity are severely reduced in cksl-38 
cell extracts. Moreover, phosphorylation of G(l) cyclins, which depends on 
Cdc28 activity, is reduced in cksl-38 cells. The role of Cksl 
in promoting G(l) cyclin-CDK protein kinase activity both in vitro and in 
vivo provides a simple molecular rationale for the essential role of 
CKS1 in progression through G(l) phase in budding yeast. 

Cksl is required for G(l) eye 1 in- eye 1 in -dependent 
kinase activity in budding yeast. 
Aug 2000, 

pl3(sucl) (Cks) proteins have been implicated in the regulation of 
cycl in -dependent kinase (CDK) activity. However, the 

mechanism by which Cks influences the function of cyclin-CDK complexes has 
remained elusive. We show here that Cksl is required for the protein 
kinase activity of budding yeast G(l) cyclin-CDK complexes. Cln2 and 
Cdc28 subunits coexpressed in baculovirus -infected insect cells fail to 
exhibit protein kinase activity towards multiple substrates in the absence 
of Cksl. Cksl can both stabilize Cln2-Cdc28 complexes and 
activate intact complexes in vitro, suggesting that it... 

. . . forms stable, active complexes with the B-type cyclins Clb4 and Clb5 
regardless of whether Cksl is present. The levels of Cln2-Cdc28 and 
Cln3-Cdc28 protein kinase activity are severely reduced in cksl-38 
cell extracts. Moreover, phosphorylation of G(l) cyclins, which depends on 
Cdc28 activity, is reduced in cksl-38 cells. The role of Cksl 
in promoting G(l) cyclin-CDK protein kinase activity both in vitro and in 
vivo provides a simple molecular rationale for the essential role of 
CKS1 in progression through G(l) phase in budding yeast. 
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Two Trypanosoma brucei cyclin genes, CYC2 and CYC 3 , have been isolated by 
rescue of the Saccharomyces cerevisiae mutant DL1, which is deficient in 
CLN G(l) cyclin function. CYC2 encodes a 24-kDa protein that has sequence 
identity to the Neurospora crassa PREG1 and the S. cerevisiae PHO80 cyclin. 
CYC3 has the most sequence identity to mitotic B-type cyclins from a 
variety of organisms. Both CYC2 and CYC3 are single-copy genes and 
expressed in all life cycle stages of the parasite. To determine if CYC 2 is 
found in a complex with previously identified trypanosome cdc2 -related 
kinases (CRKs) , the CYC2 gene was fused to the TY epitope tag, integrated 
into the trypanosome genome, and expressed under inducible control. CYC2ty 
was found to associate with an active trypanosome CRK complex since CYC2ty 
bound to leishmanial pl2 (cksl) , and histone HI kinase activity was 
detected in CYC2ty immune -precipitated fractions. Gene knockout experiments 
provide evidence that CYC2 is an essential gene, and co-immune 
precipitations together with a two-hybrid interaction assay demonstrated 
that CYC2 interacts with CRK3 . The CRK3 x CYC2ty complex, the first 
cyclin -dependent kinase complex identified in 

trypanosomes , was localized .by immune fluorescence to the cytoplasm 
throughout the cell cycle. 

Isolation of Trypanosoma brucei CYC2 and CYC 3 cyclin genes by rescue of a 
yeast G(l) cyclin mutant. Functional characterization of CYC2 . 
Mar 24 2000, 

...found to associate with an active trypanosome CRK complex since CYC2ty 
bound to leishmanial pl2 (cksl) , and histone HI kinase activity was 
detected in CYC2ty immune -precipitated fractions. Gene knockout experiments 

• ■ • 

...interaction assay demonstrated that CYC2 interacts with CRK3 . The CRK3 x 
CYC2ty complex, the first cyclin -dependent kinase complex 

identified in trypanosomes, was localized by immune fluorescence to the 
cytoplasm throughout the cell... 
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protein, S pombe; cyc2 protein, Paramecium tetraurelia; cyclin Gl; pl2 
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ISSN: 0960-9822 
DOCUMENT TYPE: Article 
RECORD TYPE: Abstract 
LANGUAGE: English 

ABSTRACT: Cksl, a subunit of cyclin-dependent kinases, has now been 
identified as an essential cofactor in the ubiquitination of the Cdk 
inhibitor p27 by the SCFSkp2 ubiquitin ligase. This activity, which can 



be independent of Cdk binding, links Cks to positive growth control 
pathways regulating the Gl/S transition and to cancer. 



2001 

ABSTRACT: Cksl, a subunit of cyclin-dependent kinases, has now been 

identified as an essential cof actor in... 
. . .REGISTRY NUMBERS: cyclin-dependent kinase 
DESCRIPTORS : 

ORGANISMS: fission yeast (Ascomycetes . . . 

. . .yeast (Fungi 
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A CDK- independent function of mammalian Cksl: Targeting of SCFSkp2 to 

the CDK inhibitor p2 7Kipl 
AUTHOR: Spruck Charles; Strohmaier Heimo; Watson Mark; Smith Adrian P L; 

Ryan Aimee; Krek Wilhelm; Reed Steven I (Reprint) 
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JOURNAL: Molecular Cell 7 (3) : p639-650 March, 2001 2001 
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ABSTRACT: The Cks/Sucl proteins associate with CDK/cyclin complexes, but 
their precise function (s) is not well defined. Here we demonstrate that 
Cksl directs the ubiquitin-mediated proteolysis of the CDK-bound 
substrate p27Kipl by the protein ubiquitin ligase (E3) SCFSkp2 . 
Cksl associates with the F box protein Skp2 and is essential for 
recognition of the p27Kipl substrate for ubiquitination in vivo and in 
vitro. Using purified recombinant proteins, we reconstituted p27Kipl 
ubiquitination activity and show that it is dependent on Cksl. 
CKS1-/- mice are abnormally small, and cells derived from them 
proliferate poorly, particularly under limiting mitogen conditions, 
possibly due to elevated levels of p27Kipl. 



A CDK- independent function of mammalian Cksl: Targeting of SCFSkp2 to 

the CDK inhibitor p2 7Kipl 
2001 

...ABSTRACT: cyclin complexes, but their precise function(s) is not well 
defined. Here we demonstrate that Cksl directs the 

ubiquitin-mediated proteolysis of the CDK-bound substrate p27Kipl by the 
protein ubiquitin ligase (E3) SCFSkp2 . Cksl associates with the F 
box protein Skp2 and is essential for recognition of the p27Kipl... 

. . .purified recombinant proteins, we reconstituted p27Kipl ubiquitination 
activity and show that it is dependent on Cksl. CKS1-/- mice 
are abnormally small, and cells derived from them proliferate poorly, 
particularly under limiting mitogen... 
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Regulation of Cdc28 eye 1 in -dependent protein kinase 

activity during the cell cycle of the yeast Saccharomyces 
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1998 
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ABSTRACT: A cdc2 -related protein kinase gene, crk3 , has been isolated from 
the Parasitic Protozoan Leishmania mexicana. Data presented here suggests 
that crk3 is a good candidate to be the leishmanial cdc2 homologue but 
that the parasite protein has some characteristics which distinguish it 
from mammalian cdc2 . crk3 is predicted to encode a 35.6-kDa protein with 
54% sequence identity With the human cyclin -dependent 
kinase cdc2 and 78% identity with the Trypanosoma brucei CRK3 . The 
trypanosomatid CRK3 proteins have an unusual, poorly conserved 19 -amino 
acid N-terminal extension not present in human cdc2 . crk3 is single 



copy, and there is 5-fold higher mRNA in the replicative promastigote 
life-cycle stage than in the non-dividing metacyclic form or mammalian 
amastigote form. A leishmanial suc-binding cdc2-related kinase (SBCRK) 
his tone HI kinase, has previously been described which binds the 
yeast protein, pl3sucl, and that has stage -regulated activity 
(Mottram J. C, Kinnaird, J., Shiels, B. R. , Tait, A., and Barry, J. D. 
(1993) J. Biol. Chem. 268, 21044-21051). CRK3 from cell extracts of the 
three life-cycle stages was found to bind pl3sucl and the leishmanial 
homologue pl2cksl. CRK3 fused with six histidines at the C terminus was 
expressed in L. mexicana and shown to have SBCRK histone HI kinase 
activity. Depletion of histidine- tagged CRK3 from L. mexicana cell 
extracts, by Ni-nitrilotriacetic acid agarose selection, reduced histone 
HI kinase activity binding to pl3sucl. These data imply that crk3 encodes 
the kinase subunit of SBCRK. SBCRK and histidine-tagged CRK3 activities 
were inhibited by the purine analogue olomoucine with an IC50 of 2 8 and 
42 muM, respectively, 5-6-fold higher than human p34cdc2/cyclinB . 
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...ABSTRACT: is predicted to encode a 35.6-kDa protein with 54% sequence 
identity With the human eye 1 in -dependent kinase 
cdc2 and 78% identity with the Trypanosoma brucei CRK3 . The 
trypanosomatid CRK3 proteins have an unusual, poorly conserved 19-amino 
acid N-terminal extension not present in human cdc2 . crk3 is single 
copy, and there is 5-fold higher mRNA in the replicative... 

...binding cdc2-related kinase (SBCRK) histone HI kinase, has previously 
been described which binds the yeast protein, pl3sucl, and that has 
stage-regulated activity (Mottram J. C, Kinnaird, J., Shiels, B... 

. . .olomoucine with an IC50 of 28 and 42 muM, respectively, 5-6-fold higher 

than human p34cdc2/cyclinB . 
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ABSTRACT: In Arabidopsis, two cyclin-dependent kinases (CDK) , Cdc2aAt and 
Cdc2bAt, have been described. Here, we have used the yeast 
two-hybrid system to identify Arabidopsis proteins interacting with 
Cdc2aAt. Three different clones were isolated, one of which encodes a 
Sucl/Cksl homologue. The functionality of the Arabidopsis Sucl/ 



Cksl homologue, designed CkslAt, was demonstrated by its ability to 
rescue the temperature- sensitive cdc2-L7 strain of fission yeast at 
low and intermediate expression levels. In contrast, high ckslAt 
expression levels inhibited cell division in both mutant and wild-type 
yeast strains. CkslAt binds both Cdc2aAt and Cdc2bAt in vivo and in 
vitro. Furthermore, we demonstrate that the fission yeast Sucl 
binds Cdc2aAt but only weakly Cdc2bAt # whereas the human CksHsl 
associated exclusively with Cdc2aAt. 



1997 

. . .ABSTRACT: cyclin-dependent kinases (CDK) , Cdc2aAt and Cdc2bAt, have been 
described. Here, we have used the yeast two-hybrid system to 
identify Arabidopsis proteins interacting with Cdc2aAt. Three different 
clones were isolated, one of which encodes a Sucl/Cksl homologue. 
The functionality of the Arabidopsis Sucl/Cksl homologue, designed 
CkslAt, was demonstrated by its ability to rescue the 
temperature-sensitive cdc2-L7 strain of fission yeast at low and 
intermediate expression levels. In contrast, high ckslAt expression 
levels inhibited cell division in both mutant and wild-type yeast 
strains. CkslAt binds both Cdc2aAt and Cdc2bAt in vivo and in vitro. 
Furthermore, we demonstrate that the fission yeast Sucl binds 
Cdc2aAt but only weakly Cdc2bAt, whereas the human CksHsl 
associated exclusively with Cdc2aAt. 
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ABSTRACT: In normal human fibroblasts, cyclin A-CDK2 exists in a 

quaternary complex that contains p21 and PCNA. In many transformed cells, 
p22 disappears, and a substantial fraction of cyclin A-CDK2 complexes 
with p9-CKSl/CKS2 , pl9, and p45 . To investigate the 

significance of these rearrangements, we have isolated cDNAs encoding pl9 
and p45. In vitro reconstitution demonstrated that binding of pl9 to 
cyclin A-CDK2 requires p45. Addition of these proteins to the kinase had 
no substantial effect on the kinase activity in vitro. Interference with 
p45 function in vivo by microinjection of antibodies or antisense 
oligonucleotides prevented entry into S phase in both normal and 
transformed cells. Cyclin A-CDK2 has previously been identified as a 
kinase whose activity is essential for S phase. Our results identify p45 
as an essential element of this activity. The abundance of p45 is greatly 
increased in many transformed cells. This could result in changes in cell 



cycle control that contribute to the process of cellular transformation. 
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ABSTRACT: In normal human fibroblasts, cyclin A-CDK2 exists in a 
quaternary complex that contains p21 and PCNA. In... 

...transformed cells, p22 disappears, and a substantial fraction of cyclin 
A-CDK2 complexes with p9-CKSl/CKS2 , pl9, and p45 . To 

investigate the significance of these rearrangements, we have isolated 
cDNAs encoding . . . 
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Language : ENGLISH Document Type : ARTICLE 

Abstract: We have isolated a Leishmania mexicana homologue of the fission 
yeast sucl gene using PCR with oligonucleotides designed to 
conserved regions of cdc2 kinase subunits (cks) . Tile product of 
cksl is a 12 kDa polypeptide, which has 70% identity with 
human p9(cksl) and 44% identity with fission yeast 
pl3(sucl). pl2 (cksl) was detected in the three life-cycle stages 
of L. mexicana by immunoblotting . Recombinant pl2 (cksl) 



(pl2 (ckslhis) ) bound to agarose beads was used as a matrix to 
affinity-select histone III kinase complexes from Leishmania, 
yeast and bovine extracts. Immunoblotting showed that yeast 
and bovine cdc2 kinase bound to pl2 (ckslhis) , thus demonstrating 
functional homology between L. mexicana pl2 (cksl) and yeast 
pl3(sucl) . Histone HI kinase activity was found at a high level in the 
proliferative promastigote and amastigote forms of L . mexicana, but at 
a low level in the non-dividing metacyclic form. These activities are 
likely to be the same as the leishmanial pl3 (sucl) binding kinase 
(SBCRK) described previously [Mottram, Kinnaird, Shiels, Tait and Barry 
(1993) J. Biol. Chem. 268, 21044-21051]. A distinct cdc2-related 
kinase, L. mexicana CRK1, was also found to associate with pl2 (ckslhis) 
but affinity-depletion experiments showed that CRK1 was not responsible 
for the histone I-Il kinase activity associating with pl2 (ckslhis) in 
promastigote cell extracts. The finding that pl2 (cksl) associates 
with at least two cdc2 -related kinases, SBCRK and CRK1, is consistent 
with the presence of a large gene family of cdc2 -related kinases in 
trypanosomatids, a situation thought to be more similar to higher 
eukaryotes than yeast. 

Title: LEISHMANIA -MEXICANA P12 (CKS1) , A HOMOLOG OF FISSION 

YEAST P13(SUC1), ASSOCIATES WITH A STAGE -REGULATED HISTONE HI 
KINASE 

, 1996 

Abstract: We have isolated a Leishmania mexicana homologue of the fission 
yeast sucl gene using PCR with oligonucleotides designed to 
conserved regions of cdc2 kinase subunits (cks) . Tile product of 
cksl is a 12 kDa polypeptide, which has 70% identity with 
human p9 (cksl) and 44% identity with fission yeast 
pl3(sucl). pl2(cksl) was detected in the three life-cycle stages 
of L. mexicana by immunoblotting. Recombinant pl2 (cksl) 
(pl2 (ckslhis) ) bound to agarose beads was used as a matrix to 
affinity-select histone III kinase complexes from Leishmania, 
yeast and bovine extracts. Immunoblotting showed that yeast 
and bovine cdc2 kinase bound to pl2 (ckslhis) , thus demonstrating 
functional homology between L. mexicana pl2 (cksl) and yeast 
pl3(sucl). Histone HI kinase activity was found at a high level in the 
proliferative... 

...II kinase activity associating with pl2 (ckslhis) in promastigote cell 
extracts. The finding that pl2 (cksl) associates with at least two 
cdc2 -related kinases, SBCRK and CRK1, is consistent with the... 

...related kinases in trypanosomatids, a situation thought to be more 

similar to higher eukaryotes than yeast. 
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Abstract: CKShsl is a mammalian homologue of the yeast sucl and 

CKS1 genes, for which the null mutation leads to arrest in both 
the G(l) and G(l) phases of the cell cycle in Saccharomyces cerevisiae. 
Northern blot analysis revealed that transcript levels of CKShsl are 
strongly down-regulated in mink lung cells and moderately 
down-regulated in BALB keratinocytes within 10 h of exposure to 
transforming growth factor beta (TCF-beta) , whereas growth arrest of 
both cell lines requires at least 15 h of TGF-beta treatment. As a 
genetic test for the potential role of CKShsl in TGF-beta growth 
regulation, we analyzed a stably transfected derivative of mink lung 
cells that constitutively overexpresses a truncated form of the type 2 
TGF-beta receptor and is resistant to TGF-beta growth inhibition; 
CKShsl transcripts are not downregulated by TGF-beta in this mutant 
cell line. TGF-beta down-regulation of CKShsl transcripts is specific, 
since mRNA levels of mammalian Gl cyclins Dl, D2 , and D3 do not change 
in response to TGF-beta in either cell line. Cyclin Dl and cyclin D2 
transcripts are strongly induced by epidermal growth factor, and beta 
2 -microglobulin transcripts are strongly induced by TGF-beta in BALB 
keratinocytes released from quiescence by addition of epidermal growth 
factor. Our results suggest a role for CKShsl gene products in TGF-beta 
growth arrest of epithelial cells. 

, 1995 

Abstract: CKShsl is a mammalian homologue of the yeast sucl and 

CKS1 genes, for which the null mutation leads to arrest in both 
the G (1) and. . . 
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Abstract: The present invention relates to the discovery in mammalian 
cells, particularly human cells, of novel S-phase kinase associated 
proteins, pl9 and p45, referred to herein as "Skp" . As described herein, 
these proteins are components of the tumor cell -specific cyclin A/CDK2 
complex and function to facilitate DNA replication. Interference with p45 
function in vivo prevented entry into S-phase in both normal and 
transformed cells. Binding data indicated that p45 and pl9 associate with 
each other in a binary complex. Moreover, p45 is required for pl9 binding 
to cyclin A/CDK2 . 



. . . POLYPEPTIDE WHICH IS CAN BIND TO CYCLIN- DEPENDENT 

KINASE; FOR DIAGNOSIS AND THERAPY OF CELL PROLIFERATIVE DEFECTS IN 
ANIMALS; ANTIPROLIFERATIVE AGENTS 
Publication (No, Kind, Date) , Applic (No, Date): 
. . .19991109 

Abstract: The present invention relates to the discovery in mammalian 
cells, particularly human cells, of novel S-phase kinase associated 
proteins, pl9 and p45, referred to herein as... 

Exemplary Claim: ...an independent binary complex or in association with at 

least one of a cyclin, a eye 1 in -dependent kinase (CDK) 

and a p9CKSl/CKS2 polypeptide. 
Non-exemplary Claims: ...an independent binary complex or in association 

with at least one of a cyclin, a cyclin-dependent 

kinase (CDK) and a p9CKSl/CKS2 polypeptide... 

...9. The pl9 polypeptide of claim 2, wherein the mammalian pl9 polypeptide 
is a human pl9 polypeptide. . . 
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Survivin and the inner centromere protein INCENP show similar cell -cycle 
localization and gene knockout phenotype. 
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BACKGROUND: Survivin is a mammalian protein that carries a motif typical 
of the inhibitor of apoptosis ( IAP) proteins , first identified in 
baculoviruses . Although baculoviral IAP proteins regulate cell death, the 
yeast Survivin homolog Birl is involved in cell division. To determine the 
function of Survivin in mammals, we analyzed the pattern of localization of 
Survivin protein during the cell cycle, and deleted its gene by homologous 
recombination in mice. RESULTS: In human cells, Survivin appeared first on 
centromeres bound to a novel para-polar axis during prophase/metaphase , 
relocated to the spindle midzone during anaphase/ telophase , and disappeared 
at the end of telophase. In the mouse, Survivin was required for mitosis 
during development. Null embryos showed disrupted microtubule formation, 
became polyploid, and failed to survive beyond 4 . 5days post coitum. This 
phenotype, and the cell-cycle localization of Survivin, resembled closely 
those of INCENP. Because the yeast homolog of INCENP, Slil5, regulates the 
Aurora kinase homolog Ipllp, and the yeast Survivin homolog Birl 
binds to NdclOp, a substrate of Ipllp, yeast Survivin, INCENP and 
Aurora homologs function in concert during cell division. CONCLUSIONS: In 
vertebrates, Survivin and INCENP have related roles in mitosis, 
coordinating events such as microtubule organization, cleavage -furrow 
formation and cytokinesis. Like their yeast homologs Birl and SlilS, they 
may also act together with the Aurora kinase. 
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INCENP is required for proper targeting of Survivin to the centromeres 
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Three lines of investigation have suggested that interactions between 
Survivin and the chromosomal passenger proteins INCENP and Aurora-B kinase 
may be important for mitotic progression. First, interference with the 
function of Survivin/BIRl , INCENP, or Aurora-B kinase leads to similar 
defects in mitosis and cytokinesis [1-7] (see [8] for review) . Second, 
INCENP and Aurora-B exist in a complex in Xenopus eggs [9] and in mammalian 
cultured cells [7] . Third, interference with Survivin or INCENP function 
causes Aurora-B kinase to be mislocalized in mitosis in both C. elegans and 
vertebrates [5, 7, 9] . Here, we provide evidence that Survivin, Aurora-B, 
and INCENP interact physically and functionally. Direct visualization of 
Survivin-GFP in mitotic cells reveals that it localizes identically to 
INCENP and Aurora-B. Survivin binds directly to both Aurora-B 
and INCENP in yeast two-hybrid and in vitro pull-down assays. The in vitro 
interaction between Survivin and Aurora-B is extraordinarily stable in that 
it resists 3 M NaCl . Finally, Survivin and INCENP interact functionally in 
vivo; in cells in which INCENP localization is disrupted, Survivin adheres 
to the chromosomes and no longer concentrates at the centromeres or 
transfers to the anaphase spindle midzone. Our data provide the first 
biochemical evidence that Survivin can interact directly with members of 
the chromosomal passenger complex. 
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IAP-family protein survivin inhibits caspase activity and apoptosis 
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Survivin is a member of the inhibitor of apoptosis protein (IAP) family. 
We investigated the antiapoptotic mechanism of Survivin, as well as its 
expression in 60 human tumor cell lines used for the National Cancer 
Institute's anticancer drug screening program. In cotransf ection 
experiments, cell death induced by Bax or Fas (CD 95) was partially 
inhibited (mean +/- SD, 65% +/- 8%) by Survivin, whereas XIAP, another IAP 
family member, almost completely blocked cell death (93% +/- 4%) under the 
same conditions. Survivin and XIAP also protected 293 cells from apoptosis 
induced by overexpression of procaspase-3 and -7 and inhibited the 
processing of these zymogens into active caspases. In vitro binding 
experiments indicated that, like other IAP-family proteins, Survivin 
binds specifically to the terminal effector cell death proteases, 
caspase-3 and -7, but not to the proximal initiator protease caspase-8. 
Using a cell-free system in which cytosolic extracts were derived from 
control- or Survivin- transfected cells and where caspases were activated 
either by addition of cytochrome c and dATP or by adding recombinant active 
caspase-8, Survivin was able to substantially reduce caspase activity, as 
measured by cleavage of a tetrapeptide substrate, 

AspGluValAsp-aminof luorocoumarin. Similar results were obtained in intact 
cells when Survivin was overexpressed by gene transfection and caspase 
activation was induced by the anticancer drug etoposide. Survivin was 
expressed in all 60 cancer cell lines analyzed, with highest levels in 
breast and lung cancers and lowest levels in renal cancers. These findings 
indicate that Survivin, which is commonly expressed in human tumor cell 
lines, can bind the effector cell death proteases caspase-3 and -7 in vitro 
and inhibits caspase activity and cell death in cells exposed to diverse 
apoptotic stimuli. Although quantitative differences may exist, these 
observations suggest commonality in the mechanisms used by IAP-family 
proteins to suppress apoptosis. 

Dec 1 1998, 

... zymogens into active caspases. In vitro binding experiments indicated 
that, like other IAP-family proteins, Survivin binds 
specifically to the terminal effector cell death proteases, caspase-3 and 
-7 , but not to . . . 
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Chromosomal passenger proteins associate with chromosomes early in 
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Crystal structure and mutational analysis of the Saccharomyces cerevisiae 
cell cycle regulatory protein Cksl: implications for 
domain swapping, anion binding and protein interactions. 
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BACKGROUND: The Saccharomyces cerevisiae protein Cksl (cyclin 
-dependent kinase subunit 1) is essential for cell-cycle 
progression. The biological function of Cksl can be modulated by a 
switch between two distinct molecular assemblies: the single domain fold, 
which results from the closing of a beta-hinge motif, and the intersubunit 
beta-strand interchanged dimer, which arises from the opening of the 
beta-hinge motif. The crystal structure of a cyclin -dependent 
kinase (Cdk) in complex with the human Cks homolog CksHsl 
single-domain fold revealed the importance of conserved hydrophobic 
residues and charged residues within the beta-hinge motif. RESULTS: The 3.0 
A resolution Cksl structure reveals the strict structural 
conservation of the Cks alpha/beta-core fold and the beta-hinge motif. The 
beta hinge identified in the Cksl structure includes a novel pivot 
and exposes a cluster of conserved tyrosine residues that are involved in 
Cdk binding but are sequestered in the beta- interchanged Cks homolog sucl 
dimer structure. This Cksl structure confirms the conservation of the 
Cks anion-binding site, which interacts with sidechain residues from the 
C-terminal alpha helix of another subunit in the crystal. CONCLUSIONS: The 
Cksl structure exemplifies the conservation of the beta- interchanged 
dimer and the anion-binding site in evolutionarily distant yeast and human 
Cks homologs . Mutational analyses including in vivo rescue of CKS1 
disruption support the dual functional roles of the beta-hinge residue 
Glu94, which participates in Cdk binding, and of the anion-binding pocket 
that is located 22 A away and on an opposite face to Glu94 . The Cksl 
structure suggests a biological role for the beta- interchanged dimer and 
the anion-binding site in targeting Cdks to specific phosphoproteins during 
cell-cycle progression. 

Crystal structure and mutational analysis of the Saccharomyces cerevisiae 
cell cycle regulatory protein Cksl: implications for 
domain swapping, anion binding and protein interactions. 

BACKGROUND: The Saccharomyces cerevisiae protein Cksl (cyclin 
-dependent kinase subunit 1) is essential for cell-cycle 
progression. The biological function of Cksl can be modulated by a 
switch between two distinct molecular assemblies: the single domain fold... 

... which arises from the opening of the beta-hinge motif. The crystal 
structure of a cyclin -dependent kinase (Cdk) in complex 

with the human Cks homolog CksHsl single -domain fold revealed the 
importance ... 

... residues and charged residues within the beta-hinge motif. RESULTS: The 
3.0 A resolution Cksl structure reveals the strict structural 
conservation of the Cks alpha/beta-core fold and the beta-hinge motif. The 
beta hinge identified in the Cksl structure includes a novel pivot 
and exposes a cluster of conserved tyrosine residues that are... 



. . . Cdk binding but are sequestered in the beta- interchanged Cks homolog 
sucl dimer structure. This Cksl structure confirms the conservation 
of the Cks anion-binding site, which interacts with sidechain residues from 
the C-terminal alpha helix of another subunit in the crystal. CONCLUSIONS: 
The Cksl structure exemplifies the conservation of the 
beta-interchanged dimer and the anion-binding site in evolutionarily 
distant yeast and human Cks homologs . Mutational analyses including in vivo 
rescue of CKS1 disruption support the dual functional roles of the 
beta-hinge residue Glu94, which participates in... 

...pocket that is located 22 A away and on an opposite face to Glu94 . The 
Cksl structure suggests a biological role for the beta- interchanged 
dimer and the anion-binding site... 
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Abstract: CYCLIN- dependent kinase 5 (Cdk5) was originally isolated through 
its structural homology to human Cdc2 (1) , a key regulator of cell -cycle 
progression (2 -6) . In tissue samples from adult mice, Cdk5 protein is 
found at the highest level in brain, at an intermediate level in 
testis, and at low or undetectable levels in all other tissues, but 
brain is the only tissue that shows Cdk5 histone HI kinase activity (7) . 
No equivalent kinase activity has been found in tissue culture cell 
lines despite high levels of Cdk5 This raised the possibility that a 
Cdk5 regulatory subunit was responsible for the activation of Cdk5 in 
brain. Here we describe the cloning and characterization of a 
regulatory subunit for Cdk5 known as p35. p35 displays a neuronal 
cell-specific pattern of expression, it associates physically with Cdk5 
in vivo and activates the Cdk5 kinase. p35 differs from the mammalian 
cyclins and thus represents a new type of regulatory subunit for 
eye 1 in -dependent kinase activity. 

Title: P35 IS A NEURAL -SPECIFIC REGULATORY SUBUNIT OF CYCLIN- 

DEPENDENT KINASE -5 
, 1994 
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The 2.6 Angstrom crystal structure for human cyclin- 
dependent kinase 2(CDK2) in complex with CksHsl, a human 

homolog of essential yeast cell cycle-regulatory proteins sucl and 
Cksl , reveals that CksHsl binds via all four beta strands to the 
kinase C-terminal lobe. This interface is biologically critical, based upon 
mutational analysis, but far from the CDK2 N- terminal lobe, cyclin, and 
regulatory phosphorylation sites. CDK2 binds the Cks single domain 
conformation and interacts with conserved hydrophobic residues plus His-60 
and Glu-63 in their closed beta-hinge motif conformation. The beta hinge 
opening to form the Cks beta- interchanged dimer sterically precludes CDK2 
binding, providing a possible mechanism regulating CDK2-Cks interactions. 
One face of the complex exposes the sequence -conserved phosphate -binding 
region on Cks and the ATP-binding site on CDK2 , suggesting that CKs may 
target CDK2 to other phosphoproteins during the cell cycle. 



Set Items Description 

51 85 SURVIVIN(5N)BIND? 

52 42 RD (unique items) 

53 9 S2 AND PY<=2001 

54 25728 CYCLIN(W) DEPENDENT (5N) KINASE 

55 105149 REGULAT? (5N) (DOMAIN?? OR REGION?? OR SUBUNIT?? OR AREA??) 

56 915 S4 AND S5 

57 208 CKS1 OR CKS2 

58 111 RD (unique items) 

59 45 S8 AND PY<2001 

510 4 S6 AND S7 

511 2 RD (unique items) 

512 45 S9 AND PY<=2001 

513 45 RD (unique items) 

514 586 S6 AND PY<2001 

515 0 CYCLIN (W) DEPEDENT (W) KINASE (2N) REGULAT? 

516 2013 CYCLIN(W) DE PENDENT { 2 N ) KI NASE ( 2 N ) REGULAT ? 

517 3695017 DOMAIN?? OR REGION?? 

518 370 S16 AND S17 

519 214 RD (unique items) 

520 155 S19 AND PY<=2001 

521 115 S20 AND PY<2000 

522 379168 CONJUGAT? OR CHIMER? 

523 3 S21 AND S22 

? s regulat? (2n) (domain?? or region??) 
2231661 REGULAT? 

796123 DOMAIN?? 
3095234 REGION?? 

524 46207 REGULAT? (2 N) (DOMAIN?? OR REGION??) 
? s s24 and sl6 

46207 S24 
2013 S16 

525 13 S24 AND S16 

? rd 

>>>Duplicate detection is not supported for File 340. 

>>>Records from unsupported files will be retained in the RD set. 
. . .completed examining records 

S2 6 9 RD (unique items) 

? s s26 and py<=2001 
Processing 

9 S26 
42056921 PY<=2001 
S27 9 S26 AND PY<=2001 

? t s27/3,k,ab/l-9 

27/3,K,AB/l (Item 1 from file: 155) 

DIALOG (R) File 155 : MEDLINE (R) 

(c) format only 2005 The Dialog Corp. All rts . reserv. 

14013693 PMID: 9710585 

Deregulation of poly (A) polymerase interferes with cell growth. 
Zhao W; Manley J L 

Department of Biological Sciences, Columbia University, New York, New 
York 10027, USA. 

Molecular and cellular biology (UNITED STATES) Sep 1998, 18 (9) 

p5010-20, ISSN 0270-7306 Journal Code: 8109087 

Contract/Grant No.: GM 28983; GM; NIGMS 

Document type: Journal Article 

Languages : ENGLISH 

Main Citation Owner: NLM 

Record type: Completed 

Vertebrate poly (A) polymerase (PAP) conta 



